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INTRODUCTION

A compilation of the unclassified Nd:YAG laser lab experiments and
related analyses performed in the Laser Designator/Rangefinder Branch,
Naval Weapons Center, China Lake, Calif., during the period October 1970-
December 1971 is presented. The Nd:YAG laser lab was initiated by the
author in October 1970 and, hence, some of the tests performed were
necessarily of an introductory nature. To expedite the preparation of
this report, the author's memoranda with only minor modifications are
provided as appendixes.

The purposes of theA*d:YAG laser lab effort follow:

1. Perform tests and analyses toward optimization of Nd:YAG laser
system design and performance with emphasis on the laser resonator;

2. Test new promising laser materials and design concepts;

3. Perform incoming inspection of laser components;

4. Support the in-house designator/rangefinder design effort;

5. Increase awareness of laser design constraints and limitations
due to state-of-the-art in laser technology;

6. Improve state-of-the-art whenever possible.

The two most important properties of a Q-switched Nd:YAG laser are its
efficiency and its raw-beam divergence. Hence, most of the laser lab
effort has been directed toward improving and understanding those depen-
dent variables that dictate the laser efficiency and beam divergence.

The subject matter has been arranged into the appendixes listed.

Appendix A: Resonator Component Evaluation
Appendix B: Flashlamps and Flashlamp-Drive Circuit Design
Appendix C: Pump Cavity Design
Appendix D: Q-Switching of Lithium Niobate Modulator
Appendix E: Resonator Output Properties

i.1
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Appendix F: Beam Uniformity Tests
Appendix C: Laser Coolant Studies
Appendix H: Related Subjects

In most cases, clarifying notes have been added at the end of the individ-
ual appendixes to aid the reader in understanding the terminology used
and to relate the subject matter to other enclosed appendixes.

For the most part, the laser lab tests were made at a 10-Hz pulse-

repetition rate with an 8-J/pulse input level.

Finally, considerable laser design effort is in progress; these
areas of investigation are identified in Appendix H.

2
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Appendix A

RESONATOR COMPONENT EVALUATION

3
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Appendix A. I

CALCITE PRISM IN RESONATOR DESIGN

1. The portable designator (PD) resonator layout is being modified to
reduce its weight, cost, complexity, and length. The anticipated over-
all length is less than 7.5 inches. The new resonator design is for a
lightweight laser quite unlike the PD. Some of the PD resonator com-
ponents are being used in the lightweight unit to reduce its cost and
development time.

q 2. Among the resonator components considered for modification was the
40-deg calcite prism. Described here are the angle of minimum deviation,
the fold mirror incidence angle, and the output beam-to-resonator opti-
cal-axis beam separation, both in angle and magnitude per unit length,
as a function of the calcite prism wedge angle. The insertion loss
effects of reflection from high incidence angle AR-coated surfaces will
not be considered here. This topic will be pursued later should a larger
wedge angle prism appear desirable from the resonator layout standpoint.

3. Figure A.1-1 gives the angle of minimum deviation for the principal
ray as a function of the wedge angle. Since the resonator is being
designed so that the resonator optical axis through the laser rod and
the modulator are parallel, the incidence angle of the radiation at the
fold mirror is one-half of the prism deviation angle. Since the radia-
tion travels within the prism parallel to the prism base, the prism base
is oriented at this same angle; i.e., one-half of the deviation angle
from the optical axis of the resonator. As the wedge angle increases,
the resonator length can be shortened, but it is also widened. The
pumping cavity length in the present design establishes the resonator
length.

4. Figure A.1-2 shows the difference angle between the resonator optical
axis and the output beam. The larger the wedge angle, the larger the

4! deviation angle and the larger the difference angle. The magnitude of
the difference angle establishes at what distance from the prism the
resonator beam and the output beam are fully separated.

5. Figure A.1-3 gives the separation of the centerline of the beams per
inch of distance from the prism center.

6. The equation for the angle of minimum deviation is given by

n = [sin (P + $)/2]/(sin $/2) (a)
P

n - (sin /2 cos $/2 + cos /2 sin $/2)/sin $/2 (b)p

n = sin /2 cot $12 + cos */2 (c)
p

4



TN 4051-2

I I1II FBI. h ~ ~ r' dI !}i I' jijHlii

tti

[fq -+,. 
it

J.4i 1 + A

35 40T

-piEDG ANGL - DEG

355



TN 4051-2

R M 1 ~i 'ii i 1 1 H41 , 4; ff' H IF"4 iii i14 [TIT 144

t 1 11 H H f~ j tdT Ti til

12.t AiI _fft Rll4 {l~ 1~

H t';amti T Tt I 4. rJ
.4 - 4 +-4

11 I ' . .- s -~ -a

-I-

Mir

,, -H 9. 7 . .

WEDG ANGL EG+

FIG A1-2 Dffeene ngl Vrsu WdgeAnle

LU ni6



TN 4051-2

tI t .. .... ..... i tilr r~
4 -4 ' Y ii L41w

r ~~ lB ~~ Lt-ti HBR 'h .; jjI:

X.--t

-H ! f i

<F~ it t~ -t WI:.f

L44 t'

0.175 L ,4 tl--*:Tb - 4-U
U4 J.~~ 4r-ra-- T;. T, 7$

H-i 
::f rb r 

t

LU 77= -.- I-2~~ ~ ~~~~~ I 4". -
1

L ..- ... 414 -- i
4

L

.tx~iii

co ,rpL. t.a

~14

0. .4~. L~

L I, - 1

0.10 H *-1 I j _LT:-U

35 40 45 50 55
WEDGE ANGLE, DEG

FIG. A.1-3. Beam Separation Versus Wedge Angle.



TN 4051-2

tan (D/2 =(sin 'P/2)/(n -cos ip/2) (d)

which is plotted in Fig. A.1-1.

7. From the geometry given in Fig. A.1-4,

sin (P+ 4)/2 - n sin a; 20 = P+ (D (e)

900 + 4) + y =1800

y 9Q0 + - 4>; 9Q0 - y -) M f

In sin ((DS sinr (g)

FIG. A.1-4.

8
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The deviation angle is given by

= 4- 0 + n - (90 0 - y) (h)

=' ('P -t)/2 + sin-I [n sin (4)- (i)

where 8 is derivable from e. But we also have

n sin 0/2 = sin (' + 0)/2 (j)
p

P=2 sin-' (np sin 0/2) - 0 (k)

d = ' - '', the difference angle (1)

d= (' + 0)/2 - sin -1 [ns sin (0 -

d = sin- (np sin 0/2) - sin-' [ns sin (0 - )m)

which is plotted in Fig. A.1-2.

8. The beam separation d at a distance s can be found from the law of
cosines:

d2 = S 2 + S2 - 2s2 cos (W' -'P) (n)

d - 1.414s[i - cos (0' - P)]2  (o)

which is plotted in Fig. A.1-3.

9. Table A.1-1 shows the data points derived to plot the data of
Fig. A.1-1 through A.1-3.

10. The data provided here apply only to calcite prisms at 1.06 microns.

9
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TABLE A.l-1. Plotting Table.

Deviation Wedge Difference Beam
angle, angle, angle, separation,

D - V inch/inch

250 36000 '  6035 '  0.115

300 41052 '  7056 '  0.138

350 47010 '  9023' 0.164

400 51054 '  10054 '  0.190

450 5604' 12025 '  0.216

NOTES:

1. The modified resonator discussed resulted in what has become known
as the "T-beam" and is discussed in A. 2 of Appendix A.

2. The beam separation d established in paragraph 8 and shown in
Fig. A.1-3 is not exact but is an acceptable approximation. The
beam separation value determines how close the output fold mirror
can be placed to the calcite prism using the 2-element, time-varying
reflectance resonator (TVR).

3. The data supplied here were used in the placement of the output
fold mirror in the T-beam resonator. The T-beam resonator uses
a 40-deg calcite prism.

10
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Appendix A-2

T-BEAM RESONATOR LAYOUT

-A'07* SC.AL i

FIG. A. 2-1.
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Geometrics

1. tan 28°22 '  1.180

y

y = (1.180)cot 280221 = (1.180)(1.852) = 2.185

2. cos 14011 ' = t1 /0.400

i= (0.400) cos 14011 ' = (0.400)(.9695) = 0.3878

3. sin 14011 ' = t /0.2895
2

= (0.2895)sin 14811 ' - (0.2895)(.2450) = 0.07093
2

4. Z = 0.3878 - 0.0709 = 0.3169
3 1 2

5. The displacemeit of the prism mount corner from the 0.400 REF dimen-
sion is then

d = 0.400 - 0.3169 = 0.0831

' 6. Its location is also needed vertically. Then

2 + Z 2 = (0.40)2 + (0.2895)2
3

= 0.1600 + 0.0838 - 0.1004 = 0.1434

h = 0.3787

7. So from the REF plate, it lies at

D = 6.650 - y - h = 6.650 - (y + h) = 6.650 - 2.564

D = 4.086

8. This, then, defines the corner of the calcite prism mount with respect
to the inner end-plate surface and the main beam channel surface, with
respect to a position in space, at A.

12
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3 4. 23

Resonator Design Check -

1. cos 1411' = 0.294/e

e= 0.294/cos 140111 = 0.2940
2 0.96952

L = 0.30324
2

2. sin 14011 ' = L /L
1 2

= P- sin 14011 '

1 2

L = (0.30324)(0.245) .93 ,r1

= 0.0743 C. C$0

3
3. sin 14011 ' = 30. 235 - Z

i = (0.235 - L )sin 14*11 '

= (0.1607)(0.245)

t = 0.0394
3

Therefore the reference length is

6.650 + t + Z
2 3

= 6.650 + 0.30324 + 0.0394

= 6.9926

Block length = 7.287 0.2q4

FIG. A.2-2.

13
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ENERGY OUTPUT DIRECTION

(IF END DUMP)

I _END REFLECTOR

,__ - OR DUMP MIRROR)

END REFLECTOR

QUARTER-WAVE PLATE

POSITION (IF USED)

MODULATOR

0

ALIGNMENT WEDGES-,'
t __,I

ENERGY OUTPUT DIRECTION - I
(2-ELEMENT TVR) i

DUMP MIRROR I

(IF NOT END-DUMP I
CONFIGURED) .*-PUMP CAVITYQ ' II -UPCVT

If

I I

II
TOP VIEW

CALCITE PRISM I,

I I
I I

-- FOLD MIRROR

FIG. A.2-3. Assembled T-Beam Layout.
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NOTES:

1. Figures A.2-1 and A.2-2 show the dimensions and initial calculations
made to define the T-beam layout.

2. Figure A.2-3 shows the T-beam configuration resulting from these
prior calculations and shows the resonator components installed on
the T-beam structure.

3. Thermal stability tests on the T-beam resonator are given in
E.2.

4. The assembled T-beam resonator weighs 14 ounces.

1

15
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Appendix A-3

AN IMPROVED CORRECTING PRISM

1. The PD resonator uses a 40* calcite prism as the polarizing element.
The dispersion of calcite causes the angle of deviation for different
wavelengths to vary, the longest wavelength of radiation being deflected
the least. As a result, the use of a helium-neon laser (6328 1) for
resonator alignment requires that this wavelength be made parallel to
the optical axis of the resonator; i.e., the 1.06p path. The (color)
correcting prism provides that function.

2. The correcting prism used by the PD manufacturer had the following
characteristics:

a. The isosceles correcting prism is set so that the 6328 X light
strikes it at the angle of minimum deviation.

b. The angular correction A required is 37'47" = 0.6297*.

c. Assuming that borosilicate crown glass is of refractive index n,
then the wedge angle a of the prism required is 1012'17 '' and is given by

a = 2 tan-1 [(sin A/2)/n - cos(A/2)] (1)

where the parameters as given above are substituted in Eq. 1 to provide a.

3. Consider now the right-angle correcting prism shown in Fig. A.3-1,
drawn grossly out of proportion for convenience in the discussion to
follow. The path marked "A" corresponds to the optical axis of the
resonator (or the 1.06p radiation path). The angle A is the difference
in propagation direction from the calcite prism of the laser and the
alignment wavelength. The requirement of the right-angle correctin
prism then is to deviate the 6328 A radiation from path B to path A
which is parallel to path A.

4. From the diagram in Fig. A.3-1, it follows that

CX- 8 (a)

' = a + A (b)

n sin 8 - sin 8' (Snell's law) (c)

n sin a = sin (ax + A) (d)

16
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Expanding the sine function in (d) yields

n sin a = sin a cos A + sin A cos a

or

n tan a = tan a cos A + sin A

tan a = sin A/(n -cos A)

D

FIG. A.3-1. Right-Angle Correcting Prism.

17
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The right-angle correcting prism wedge angle is given by

a = tan- ' [sin A/(n - cos A)] (2)

By substituting the values of A = 0.62970 and n = 1.52266, it follows

that cx = lo10 ', approximately. Comparing this value to that in Eq. 1,

the correcting prism wedge angles are nearly equal. In the limit of

very small cc, it is seen that Eq. 1 and 2 correspond.

5. The isosceles prism used by the PD manufacturer requires the polish-
ing of two surfaces of equal inclination to the base assuming a glass
blank is used. The right-angle correcting prism needs polishing only
at one surface with an inclination established from two flat surfaces
C and D. The fabrication cost of the right-angle correcting prism is
less than 50% of the cost for the isosceles color-correcting prism.
The estimated cost of eight right-angle correcting prisms is less than
$400 as provided by the Optics Technology Branch. (These prisms have
been delivered to the Laser Designator/Rangefinder Branch.)

6. The right-angle correcting prism has the alignment beam at normal
incidence. Therefore, the reflected beam is collinear to the incident
beam and its alignment is easily achieved. The isosceles prism requires
light incident at the minimum angle of deviation-, i.e., a skewed
reflection.

7. The use of right-angle correcting prisms is thus recommended for

laser alignment and similar applications because of reduced cost of
fabrication and convenience in alignment.

NOTES:

1. For alignment of the resonator, the correcting prism is placed
between the calcite prism and the dump mirrors. The correcting

prism is also used when tracing the path of the output beam; for
example, to an aperture of a beam expander.

2. The right-angle correcting prisms are being used exclusively for
He-Ne alignment of the T-beam resonator.

18
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Appendix A-4

TWO-REFLECTIVE SURFACE, TWO-COLOR MIRROR

1. Figure A.4-1 shows the PD resonator layout. The fold mirror provides

the capability of obtaining an effective resonator optical path length

of more than twice its physical length. The fold mirror must have ade-

quate reflectivity at He-Ne wavelength to provide ease in resonator

alignment as well as high reflectivity at the laser wavelength. Hence,

the terminology of "two-color" mirror is used since it must be highly

q reflective at the two wavelengths.

- 2

44

S.

6 5
8 

6
1. 100% END MIRROR 5. TWO-COLOR FOLD MIRROR
2. LITHIUM NIOBATE MODULATOR 6. Nd:YAG LASER POD
3. ALIGNMENT WEDGES 7. QUARTER-WAVE PLATE
4. CALCITE PRISM POLARIZER 8. 100% END MIRROR

FIG. A.4-1. PD Resonator Layout.

2. The use of a two-color mirror causes the 1.06p wavelength to be
less reflective than if a single wavelength coating were used. Though

this reduced reflectivity represents an insertion loss (few tenths of
one percent) to the resonator, this is not the major shortcoming of a
two-color mirror. Mirror vendors will not allow user specifications
on these mirrors requiring a power density capability in excess of
50 MW/cm 2. The possibility of physical damage to the fold mirror is
evident.

3. Figure A.4-2 shows a proposed two-reflective surface, two-color
mirror. The 1.06W wavelength is made highly reflective on the front
(left) surface; the 6328 A alignment wavelength is made highly reflective
on the back (right) surface. This concept provides a higher reflectivity
and a higher power density capability at the crucial front surface.

The 6328 A coating need not be of high quality as compared to the two-
color mirror approach.

19
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4. Ray path A, A' is a typical incoming beam direction. Ray A corres-
ponds to the reflected laser radiation path; ray A' to the 6328 A lIle-Ne
wavelength path. The wedge angle C% is the mirror surface deviation from
true parallelism. For ray A, 9 = . Due to angle (x, 3 # T for ray A'.
It is required then to calculate an allowable ox to ensure lasing will
occur when the resonator is aligned using this proposed fold mirror
design. From Fig. A.4-2 it follows that

sin 8 = r sub 8' (Snell's law) (a)

8' + a = Y' (b)

y = y' (c)

y' + cX n' (d)

n sin T' = sin T' (e)

By substitution,

sin 8 n sin (y' - a) (f)

sin 8 = n sin (W' - a - a) = n sin (n' - 2a) (g)

sin 8 = nisin n' cos 2a - cos n'sin 2a] (h)

sin 8 = sin n cos 2a - n sin 2a cos n' (i)

then finally

sin B sin n cos 2a - [n2 _ sin 2 1I/2 sin 2a (I)

which describes the reflected ray angle of A' from the mirror normal
with respect to the known input angle 8, the wedge angle a, and the
refractive index of the proposed mirror design.

5. Equation 1 can be simplified by using the small angle approximation.
This yields

2a = (sin T - sin 8) (n 2 - sin20) 1 / 2

2a = A cos 8/(n 2 - sin2TI)/2 (2)

where it was assumed that ndiffers from ( by a small angle A. The angle
A then represents the 6328 A beam misalignment upon reflection. The end
mirrors of the resonator must be aligned to its optical axis within about
100 arc-seconds to ensure that laser action occurs prior to active opera-
tion. So it requires that A is less than 100 arc-seconds, substituting
the parameters in Eq. 2,

20
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2a < 100 (0.951)/1.5

a < 31 arcsec

as the required accuracy of the parallelism of the mirror surface to make
this concept practicable.

6. One other calculation is needed. In Fig. A.4-2, dimension d is the
shift in the alignment beam axis with respect to the optical axis of the
resonator after two passes through a mirror of thickness t. So now assume
that ct = 0; i.e., 1 = . From the mirror geometry, one sees that

2S cos = d (a)

2t tan 8' = S (b)

sin 8 = n sin W' (c)

which yields

d = 4t cos 8 sin /(n 2 
- sin 2 W)1/2 (3)

For the PD resonator, t = 0.50 inch, 8 = 180, n = 1.523. So by substitu-
V' ting, it follows that

d = 0.392 inch =0 mm

But this is larger than the diameter of the laser rod! The beam displace-
ment decreases directly as t decreases. An allowable displacement of 2 mm
causes the mirror thickness to be 0.100 inch which is difficult to accept.
(Thin mirrors are more subject to thermal distortion and deformation due to
to mechanical stresses of the mirror mount.) Note too that the deflec-
tions in angle and distance apply only for a single pass and two passes
are required for alignment.

7. So what seemed to be a feasible solution to the two-color mirror
problem is destroyed by other physical requirements of the fold mirror
itself.

NOTES:

1. The surface damage problem remains when the two-color fold mirror
(with increased reflectivity at He-Ne wavelength) is used. This
complicates the alignment of the resonator if it cannot be safely
used.

2. The high reflectivity at 6328 A is more important for aligning the
modulator than it is for aligning the resonator end reflectors.

22
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A misaligned lithium niobate modulator behaves as if a DC field
were present at the cell and so complicates the requirements for
optimum Q-switching. The "Maltese Cross" is used for modulator
alignment rather than using surface reflection.

3. The T-beam resonator uses a 5-mm mirror thickness.

4. Beam uniformity measurements have shown that the maximum peak-
power density in the resonator may be four times larger than the
average peak-power density. All in-house lasers have an average
peak-power density in excess of 50 MW/cm2 .

23
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Appendijx A-5

END REFLECTOR MISALIGNMENT SENSITIVITY

1. The end-mirror misalignment sensitivity was measured for the follow-
ing mirror combinations: (1) two flats, (2) one flat plus one 10-meter
(radius of curvature) end mirror, and (3) two 10-meter end mirrors.
A T-beam resonator layout (less the fold mirror) was used for these tests.
The mirror misalignment sensitivity to reduce the energy output by 10%--
using (1) two flats, (2) one flat plus one 10-meter mirror, and (3) two
10-meter mirrors--was 12, 15, and 21 arc-seconds, respectively (Fig. A.5-1
through A.5-3).

2. The requirement for maintaining resonator alignment over a wide tem-
perature range of (say) -30'C to +40'C makes extreme demands of its
stability, regardless of the end mirror curvature used. To alleviate this
problem in a thermally unstable resonator, a roof-prism end reflector is
often used and is placed so that its roof edge is perpendicular to the
resonator distortion axis or plane. The roof-prism end reflector is less
useful in resonators which use polarized radiation since, in this case,
the roof edge needs to be either parallel or perpendicular to the resona-
tor plane of polarization to keep its insertion loss low. If the resona-
tor plane of polarization is neither parallel nor perpendicular to the
roof edge, the roof-prism end reflector behaves similarly to a quarter-
wave plate and end-mirror combination, in that the effective reflectivity
of the resonator can be modified by rotating the roof prism about the
resonator axis. Hence (in the T-beam for example), the roof edge needs
to be aligned either parallel or perpendicular to the flashlamp-rod plane
and must be perpendicular to the distortion plane of the resonator as
well.

3. The test apparatus consisted of a 70% reflectivity, a flat-end dump
mirror, the pump cavity, a calcite prism polarizer, and the second end
reflector (either a mirror or a roof-prism end reflector). The roof prism
used in these tests was obtained from a now defunct laser and had several
burn spots near the roof edge. The insertion loss of this particular
roof prism is not felt representative of such components available on
the market today. The PD contractors found an output degradation of
typically 15% in their related tests with roof-prism end reflectors.
A 10-meter end mirror was tested first in the resonator for comparison
purposes, and the misalignment sensitivity was done only in azimuth due
to its misalignment symetry. To get accurately calibrated end-reflector
misalignment readings, a Lansing mirror mount was used on the test com-
ponent. When the roof-prism end reflector was substituted for the 100%
end mirror and then rotated about the roof-edge axis, no appreciable
degradation in output energy occurred (as expected) over the adjustment

24
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range of the Lansing mount; namely, about ±350 arc-seconds. A rotation
about an axis perpendicular to the roof edge yields the misalignment
sensitivity shown in Fig. A.5-4.

4. As stated earlier, the roof edge must be accurately aligned relative
to the distortion axis of the resonator to make the component adaptable.
Some compensation for effective reflectivity may be made with the quarter-
wave plate if the distortion axis or its normal is only slightly differ-
ent from the flashlamp-rod plane. Compared with a simple end mirror,
generally the roof-prism end reflector (1) requires a more complex
mounting structure, (2) increases the raw-beam divergence and beam non-
uniformity, and (3) has a higher insertion loss. Thus its use should
be limited to those cases where its unique misalignment sensitivity is
required.

2.0

12 .5 0%AE 12 ARC SEC

Zj AZIMUTH

1.0

0

10 20 30 40

MISALIGNMENT, ARCSEC

FIG. A.5-1. Mirror Misalignment Sensitivity; Two Flat
End Mirrors.
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FIG. A.5-2. Mirror Misalignment Sensitivity; One Flat,
One 10-Meter End Mirror.
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FIG. A.5-3. Mirror Misalignment Sensitivity; Two 10-Meter

End Mirrors.
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I

1.0

0.8 10-METER END REFLECTOR
ROOF-PRISM END REFLECTOR,

MISALIGNED ABOUT AN AXIS

NORMAL TO THE ROOF EDGE
0

M 0.6

zMi

W
I-

0.2

0.0 I

0 10 20 30 40 50

MISALIGNMENT. ARCSEC

FIG. A.5-4. End Reflector Misalignment Sensitivity Data.

NOTES:

1. The fold mirror used in the T-beam increases the mirror misalign-
ment sensitivity by a factor of two and is an undesirable feature.

2. The non-Q-switched beam uniformity using various end reflectors
is shown in Appendix F-1.

3. The thermal stability of the T-beam has been very good; thus, the
roof-prism end reflector has not been necessary.

4. The ability of the Lansing mount to misalign the resonator accu-
rately and reproducibly within arc-seconds was tested with a
Davidson two-axis autocollimator.
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5. The difference in azimuth and elevation misalignment sensitivity
is indicative of the Lansing mirror mount misalignment accuracy.

6. All laser resonators built in-house and in operating equipment
are using one flat plus one 10-meter radius of curvature end
mirror.

7. Laser manufacturer data are available showing that a short in-
line resonator using one flat plus one 4-meter mirror has a
19-arcsec mirror misalignment tolerance (to reduce output
energy by 10%).
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Append&x A-6

INSERTION-IOSS M EASUIRIEMEN'TS AND TIE LOSS BUDGET

1. To establish the laser output reduction due to resonator component
surface reflection and internal absorption and, in some cases, bire-
fringence, tests were conducted on insertion loss. These tests involved
inserting a known transmission element into the oscillator and noting
the degradation in the laser output energy. The experimental results
are expressed in terms of percent output energy degradation per 1% in-
serted loss. Three elements were used and their transmission data are
given in Table A.6-1. The average value of test transmission measure-
ments was used to plot the data in Fig. A.6-1. In terms of output
energy, an inqertion loss of 1% degrades the laser output by 4%. Two
resonator elements were tested for insertion loss; namely, a quarter-
wave plate and a damaged lithium niobate modulator used in the past bread-
board resonator tests. They were found to degrade the output energy by
10% and 12%, respectively, implying a value of transmission of 97.5%
and 97.0%, respectively.

TABLE A.6-1. Test Element Insertion-Loss Data.

Test Test 1 Test 2 Test 3 Average
element (Dr. Hills) (Dr. Olson) (Teppo) transmission

Micro slide 90.5 90.0 89.8 90.1
Glass plate 88.0 87.0 88.1 87.7
End mirror 1.8* ... 1.8

* Valpey's value for reflectance was measured as 98.2%.

2. Since it has been established that an insertion loss of 1% reduces
the laser output energy by 4%, a means is now available for estimating
what the total energy output loss should be due to inserting all the
resonator components (except the end mirrors and the laser rod itself).
With this in mind, Table A.6-2 shows the output degradation anticipated
by their use on the basis of the portable designator (PD) manufacturer's
part specification figures. These part specification figures were estab-
lished in discussion by the PD) manufacturers with resonator component
sources and represented, they felt, the state-of-the-art values. In
practice, however, it readily becomes apparent that the insertion loss,
for example, for a lithium niobate modulator is considerably more than
1.5%.
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FIG* A.6-1. Insertion Loss Data Plot.

3. On the basis of these measurements, it became apparent that insertion-
loss measurements on resonator components were urgently needed. As a
result, a test apparatus was assembled to perform the data tests.

4. The resonator loss budget is the compilation of all the optical losses
in the resonator. These optical losses may be due to surface reflectance,
scattering, absorption, birefringence, or any other losses solely depen-
dent on the passive properties of optical components. Paragraph 1 of
Appendix A.6 shows that a resonator insertion loss of 1% reduces the out-
put energy by approximately 4%. Paragraph 2 shows that, on the basis of
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TABLE A.6-2. Resonator Component Loss Factors.

Resonator Loss Loss Relative

component mechanism value, % energy output

1.O0
Alignment wedges Surface reflection 0.60 0.986

Modulator: Surface reflection 0.30 0.974

Absorption 0.50 0.954

Birefringence 3.0* 0.924

Fold mirror Surface reflection 0.20 0.912

Calcite prism: Anomalous birefringence 0.10 0.908

Surface reflection 0.30 0.894

Quarter-wave plate Surface reflection 0.40 0.882

Total output degradation .... 11.8%

Represents an output loss only and is not an insertion

loss per se.

the present optical part specifications, the total output energy degrada-

tion due to insertion of all resonator components should be less than 12%;
Wwhereas, in actual practice, the loss is nearly three times larger than

this figure. Resonator optical components grossly out of specifications

have been received in the past, and continued controls must be placed

on their optical quality in the future. Three examples are given of

attempted sale of poor quality laser resonator components.

a. A laser rod was received having an apparently severe optical dis-

tortion (as evident by Twyman-Green interferometer photograph) far worse

than the part specification allowed. When the vendor was informed that

the delivered part was being rejected, the vendor stated that the part

could be kept by us and that he would supply another laser rod at no

cost to us.

b. Two Pockel cells were received which measured essentially unity

extinction ratio; i.e., its transmission did not change significantly

when voltage was applied. Examination under crossed polarizers revealed

that the Maltese Cross pattern would not form. These modulators were

rejected and the vendor later agreed that the modulators were not

salable.

c. A laser rod ordered as Lu:Nd:YAG was delivered by a laser rod

vendor. Its interprogram showed that it was not within fringe count

specification and so was not used. A substitute was supplied at no

cost. Later spectroscopic analysis showed the laser rod ro be

Nd:YA(;, not Lu:Nd:YAG.
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(These optical components were of poor optical quality in very evident
ways. The fact that the vendors would attempt to deliver components
with such obvious deficiencies suggests strongly that other optical com-
ponents already accepted and in use may be far from meeting our speci-
fications as well. Foi example: tests by the author indicated that
the quarter-wave plate in the lightweight laser (LWL) degrades the out-
put energy by over 10% alone! (The surface reflectance was measured for
two quarter-wave plates in the same lot as the one presently in the LWL,
and they were found to be 1.3% and 1.5% per surface reflecting at the
laser wavelength.) Hence, it is important that the resonator loss budget
be established and the optical losses per component be identified.

q 5. The laser rod end-face reflectance was measured using the test appa-
ratus (Fig. A.6-2). An He-Ne alignment laser was used to allow visual
observation of the CW Nd:YAG beam path. The Edgerton, Germeshausen, and
Grier, Inc. (EG&G) IR High-Sensitivity Head input radiation was chopped,
apertured, and filtered, and the signal was amplified at 200 Hz with
readout on the PAR Model 11R-8 Lock-In Amplifier. A low-reflectivity
standard of fused silica (one surface ground optically flat, the other
fine ground and spray painted black) was used for comparison to the
laser rod end-face reflectance. The angle of incidence for all measure-
ments was near 5 degrees. A roof prism (not shown) was used to deflect
the transmitted radiation out of the detector field of view.

6. Table A.6-3 summarizes the laser rod end-face reflectivity measure-
ments. The end-face reflectance varies by more than a factor of five with
an average reflectance of 0.19% per surface for all rods tested. The part
specification for end-face reflectance is usually 0.25% per surface maxi-
mum. Since Union Carbide now coats their own laser rods and Airtron now
owns Lambda Optics, the laser rod end-face reflectance is established by
the choice of laser rod vendor selected.

TABLE A.6-3. Laser Rod Reflectivity
Data Summary.

Part identification R1,% R2 ,%

Airtron #1910 .......... 0.21 0.30
TRW* #1317 ............. 0.06 0.07
Airtron #1266 .......... 0.38 0.23
Airtron #1225 .......... 0.28 0.29
TRW #1424 .............. 0.07 0.09
TRW #1338 .............. 0.07 0.19
TRW #1318 .............. 0.20 0.07
TRW #1071 .............. 0.20 0.08
Union Carbidc wood box . 0.30 0.25
Airtron #1782 .......... 0.12 0.17
Union Carbide 5 mm ..... 0.28 0.28

Thompson, Ramo, Wooldridge, Inc.
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7. Reflectivity measurements made on Pockel cell modulators, wave plates,

and alignment wedges are described. Due to the thickness of these com-

ponents, both end-face reflectances are measured simultaneously, and hence,
the total surface reflectance is recorded. The two-pass ausorption of

(even) lithium niobate has a negligible effect on the surface reflectance

measurements. The resonator components were placed in an XY mount to

allow accurate positioning of the reflected radiation to the detector
aperture. The low-reflectivity fused-silica glass plate provided the

standard reflectance of 3.37%.

8. Table A.6-4 summarizes the Pockel cell modulator reflectivity data
taken. The reflectance R is the total surface reflectance. For purposes

of comparison, two damaged modulators were also tested. The reflectivity

measurements rely on specular surface reflectance, and loss due to scatter-
ing at the surface (as expected from damage sites) is not recorded.
Excluding the damaged modulators reflectance values, the average reflec-

tance per surface is 0.5%; whereas, the part specification value is 0.2%
per surface. The 25-mm long modulator planned for use in the portable
airborne designator, stabilized (PADS) unit (though not listed) had an
average reflectance per surface of 0.16%.

TABLE A.6-4. Modulator Reflectance

Data Summary.

Part identification Reflectance R, %

Crystalab C-3 ............. .... 0.62
Crystalab C-4 ............. .... 0.66
Harshaw LN 357-2 .......... 0.60
Union Carbide L3N91C2 ..... 2.25
Union Carbide L3N98C2 ..... 0.36
Union Carbide L3N94C2 ..... 2.20

Crystalab C-1 ............. .... 0.68
Harshaw 376-2 (damaged) ... 0.97
Isomet 5121-2 (damaged) ... 0.24

9. Table A.6-5 summarizes the wave-plate reflectivity data taken. The
wave plates intended for use in the PD unit are included among those

listed. The 10-mm diameter quarter-wave plates measured were from the
same lot as the quarter-wave plate presently in use in the LWL unit and

intended for the PADS unit if end dump is not used. Use of this quarter-
wave plate degrades the output eneryi by 10-12%. The average reflectance

per surface is 1.54%; whereas, the part specification now in use requires

an average surface reflectance of not more than 0.2%. Use of an end dump
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configuration would remove the quarter-wave plate from the resonator,
and since it appears that the vendors are unable to approach the part
specification for surface reflectance loss, further consideration should
be given to the end dump approach. The end dump approach also reduces
the likelihood of modulator surface damage due to erroneous reflectivity
setting with the quarter-wave plate.

TABLE A.6-5. Wave-Plate Reflectance
Data Summary.

Part identification Reflectance R, %

Breadboard X/4 ............ 1.12
X/2 Plate #1 .............. 1.70
X/2 Plate #2 .............. 0.83
X/4 Plate #1 ................... 4.75
X/4 Plate #2 ................... 5.95
10-mm X/4 Plate #1 ........ 3.06
10-mm X/4 Plate #2 ........ 2.56
Special Optics X/4 1060C-1 3.26
Special Optics X/4 1060C-2 1.94

Special Optics X/4 1060C-3 5.68

10. Table A.6-6 summarizes the alignment-wedge reflectivity data. The
10-nmn diameter alignment wedges were supplied by Del Optics and are
appreciably lower in insertion loss than those the PD used. The average
reflectance per surface for all alignment wedges measured is 0.53%;
whereas, the 10-mm alignment wedges have an average surface reflectance
considerably lower than this figure. The part specification figure is

0.2% reflectance per surface. It should be remembered that the resona-
tor used two alignment wedges.

TABLE A.6-6. Alignment Wedge Reflectance

Data Summary.

Part identification Reflectance R, %

TRW Wedge #1 .............. 1.49
TRW Wedge #2 .............. 1.43

TRW Wedge #3 .............. 1.42
TRW Wedge #4 .............. 1.44
TRW Brass Mounted Wedge #1. 1.33
TRW Brass Mounted Wedge #2. 1.39

10-mm Wedge #1 ............ 0.15
10-mm Wedge #2 ............ 0.16
10-mm Wedge #3 ............ ... 0.71
10-mm Wedge #4 ............ 0.93
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11. The resonator loss budget already shows that thus far only the
laser rod average reflectance meets the part specification for surface
reflectance. It is obvious from the tables that the vendor feels bound

to deliver to part specifications in only an approximate way. Only two
alignment wedges and mo:-t of the laser rods have complied with the sur-
face reflectance specification. It also suggests perhaps that the sur-
face reflectance specification is overly stringent and a part cost reduc-
tion may be possible if that specification is relaxed to more nearly the
average experimental reflectance figure.

NOTES:

1. The terminology "LWL" refers to an in-house designed and built

lightweight laser.

2. The terminology "PADS" refers to an in-house designed and built
portable airborne designator, stabilized.

3. "End dump" refers to a resonator configuration using a partially
transmitting end mirror as the output aperture.

4. The greatest improvement in resonator component quality has been
in quarter-wave plate supplied by Del Optics. The insertion loss
of their most recently supplied wave plate has been essentially
negligible as compared to the values anticipated by the data of

Table A.6-5. Del Optics showed an unusual willingness to solve

the insertion loss problem, and they did.

5. Only a single calcite prism was tested and showed a surface reflec-

tance of less than 0.5% per surface.

6. Birefringence loss measurements have not been performed.

7. The test apparatus shown in Fig. A.6-2 is being used to perform

most of the incoming inspection of laser resonator components.

8. The quality of as-received laser resonator components has increased
significantly in the past year.

9. The continuous wave (CU) YAG laser is made by Korad, and the 200-Hz

chopper is made by Bulova.

10. The resonator components with "TRW wedges" designations (Table A.6-6)
were delivered to the Navy at the termination of the PD contract,
and the part manufacturer is not known.
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Appendix A-7

LASE RO) COMPARISON

1. A non-Q-switched, end-dump laser resonator was used to measure the
raw-beam divergence for three different Nd:YAG laser rods as a function
of pulse repetition rate. The coolant used was FC-104 with a flow rate
near 16 gal/hr, and the pump energy was 8 J/pulse. The laser resonator
consisted only of a 50% reflectivity flat end mirror, a silvered cylin-
drical pump cavity, and a 10-meter radius of curvature high-reflectivity
end mirror. A 40.6-inch focal-length lens was used to focus the output4 laser radiation on apertures of various size in the lens focal plane.
The beam divergence value was based upon 85% energy content.

2. Figure A.7-1 shows the raw-beam divergence dependence on repetition
rate for the three laser rods tested. The laser rods #i and #2 have an
average raw-beam divergence difference (at any particular pulse repeti-
tion rate) of almost one milliradian or about 25%. Incoming inspection
of laser rods should therefore include a raw-beam divergence measure-
ment in a standard laser resonator adequate for laser rod comparison.
The data plotted show an average slope of approximately 0.075 mrad/Hz,
which means that increasing the pulse repetition rate by 9 pps results
in a raw-beam divergence increase of approximately 0.7 mrad. Hence
a 2 0-11z designator is expected to have a raw-beam divergence about
0.75 mrad larger than a 10-Hz designator using FC-104 coolant and the
silvered cylindrical pump cavity design.

NOTES:

1. The tests discussed made the laser group aware of the wide variation
possible in laser rod quality. The passive laser rod tests (distor-
tion, fringe count, etc.) are not indicative of its performance
while operating in a resonator.

2. The procurement of the highest quality laser rods available should
be stressed. In systems requiring a laser beam expander, the small
.cost increase associated with improved raw-beam divergence figure
is extremely practical as compared to the increased weight/cost of
a larger beam expander and its design.

3. The increase in raw-beam divergence with pulse repetition rate is
due to a radial thermal gradient as described in Appendixes C-5
and E-4.

4. Prior laboratory tests have shown that the raw-beam divergence of
a non-Q-switched and of a Q-switched resonator are essentially
equivalent.

5. The procurement of Lu:Nd:YAG laser rods is in progress.
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Appendix A-8

CON TACTLESS METI)IOD FOR LASER ROD
TEMPERATURE MEASUREMENT

1. In the use of a liquid-flow laser cooling system which has a limited
duty cycle capability, the maximum operating time for a given ambient
condition is established by the maximum allowable average coolant tem-
perature or laser rod temperature. A pressurized gas flow laser cooling
system (usually nitrogen gas) has a limited operating temperature estab-
lished by a maximum allowable laser rod temperature of approximately
1000C. Normal test procedures for measuring laser rod temperature
involve the use of thermocouples or thermistors which are indirectly
coupled to the lateral surface of the laser rod. Such a test method
usually requires that series triggering of the flashlamp be used. An
interferometric technique to measure the laser rod temperature which
requires no direct connection to the laser rod itself is described here.
The interferometer is formed by reflections from the two end faces of
the laser rod.

2. The interferometric test layout is shown in Fig. A.8-1. A beam
expander is used to increase a single mode (TEMoo) helium-neon laser
output diameter to that of the laser rod under test. The laser rod axis
is aligned parallel to the 63281 (or probe source) beam. Some light is
reflected from the front surface of the laser rod and some is internally
reflected from the back surface as well which, when combined, form the
interference fringes observed. The optical path length difference
between the two reflections is given by

P = 2n t (1)

where n is the refractive index of the laser rod (at the probe wavelength)
and t is the laser rod length. The phase difference between the two re-
flections is given by

= 2Tr P/X = 47T n Z/X (2)

If the two reflections have a phase difference which is a multiple of
2n, the back surface reflection will constructively interfere with the
front surface reflection and a bright field exists at A. If the optical
path length of the laser rod increases by X/2 (or the product n •
changes by X/4), a dark field (or perhaps a fringe which is dark) appears
at A. As the laser rod heats due to flashlamp pumping, an alternately
dark and bright field exists at A since both the laser rod length and its
index of refraction increase linearly with temperature. The laser rod
optical path length changes with temperature as
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AP/AT = 2[n(dC/dT) + e(dn/dT)] (3)

and so

AP = AT(AP/AT) = 2Z[nct + (dn/dT)]AT (4)

where

n = 1.83, the index of refraction of the laser rod

a= -1 dZ/dT = 6.9 x 10-6C-1, its linear expansion coefficient, and

6o -1dn/dT = 7.3 x 10- C- , its thermal index coefficient.

In practice, since the laser rod has a slightly longer optical path length
over its diameter, there is typically a wavelength of optical path length
difference over its reflected interference pattern at A. Hence, a pin-
hole, whose diameter is less than the dark fringe width, is used at A.
The view at A then consists of dark fringes on a light background, the
dark fringes being separated by one wavelength in optical path length.
As the laser rod is heated (or cooled), the fringes move in only one
direction (with some precautions on the experimenter's part) and so can
be counted as they pass the pinhole at A. The total fringe count, N,
using a radiometer detector as shown in Fig. A.8-1, is related to the
increase in temperature of the laser rod due to flashlamp pumping since

2t[na + (dn/dT) ]AT - NX (5)

So then, by substituting in the actual values, it readily follows that

AT = 0.207 N(0 C) (6)

and the observed fringe count is directly related to the laser rod tem-
perature change relative to its temperature under the ambient conditions.

3. The laser breadboard resonator was operated for several minutes at
8 J input energy and 10 pps. The laser rod had reached an equilibrium
operating temperature condition since the fringe travel had stopped.
The laser was then shut off. Simultaneously the scope trace and scope
camera were started and almost all fringes were recorded (with some
manipulation) as shown in Fig. A.8-2. (After about 15 seconds of cool-
down time, the scope time base was changed to a 5-sec/div rate so that
most of the fringes could be photographed.) Several more fringes were
counted on the radiometer indicator unit, and it was found that the
total fringe count, N, was 55. By substitution into Eq. 6, it is found
that the average rod temperature had increased 11.4C. This increase
in the laser rod temperature is not representative of that for the
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typical laser cooling system; e.g., the laser breadboard resonator cool-
ini, system is that of the PD unit which is capable of continuous opera-
tion at over 20 J input per pulse at 10 pps. If several minutes of
cooldown time are expec'ed in these fringe counting experiments, it is
preferable that a strip chart recorder be used, since several hundred
fringes may need to be counted to establish the equilibrium laser rod
operating temperature.

' 1i- FIG. A. 8-2. Laser Rod Cooling Fringe

Count. Time base: 2 sec/div for
about 15 sec; 5 sec/div thereafter.

4. The fringe counting photograph of Fig. A.8-2 also indicates the rate
at which the laser rod cools with time toward the ambient air tempera-
ture and indirectly supplies information regarding the heat transfer
(or film) coefficient, which is established by a consideration of the
pump cavity geometry, the coolant mass flow rate, and physical proper-
ties of the coolant and laser rod.

NOTES:

1. The contactless method of measuring laser rod temperature was an
offshoot of interferometric studies in laser pump cavity design as
described in Appendix C-2.

2. The surface heat transfer coefficient for the laser rod using both
FC-104 and water coolant is derived in Appendix C-5.
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Appendix A-9

TI'ECIINIQU ETO ACCUI{'IELY SET I'II"CTI\'i, REI".ECTIVITY
IN A IT R ' ESONA!IOR

1. The present technique for measuring the effective reflectivity of a
laser resonator involves the use of a calibrated end mirror and two cali-
brated radiometers. Since the calibrated end mirror has a very high
reflectivity and the ambient light levels during the reflectivity calcu-
lations are subject to change, the PD manufacturers and the Laser Desig-
nator/Rangefinder Branch have damaged lithium niobate modulators inadver-
tently during this procedure. Since the T-beam will employ a 25-mm-
long modulator, it was felt necessary to establish a better means of
setting the resonator reflectivity to reduce the likelihood of damage
to the 25-mm modulator in-house. The technique for the reflectivity
calibration is described in the following paragraphs.

2. Figure A.9-1 shows the typical resonator layout. The quarter-wave
plate encounters plane polarized light returning through the calcite
prism. The polarized light passes through the quarter-wave plate twice
which makes it behave somewhat like a half-wave plate (Fig. A.9-2). The
polarizer axis (the orientation established by the calcite) is parallel
to the plane of the page in Fig. A.9-1. The electric vector E describes
that direction. The quartz quarter-wave plate optic axis and fast axis
are orthogonal. The projections of E can be written as

E = E cos 9 = E sin wt cos 9 (1)
.1. m

Elf= E sin 8 = Em sin wt sin e (2)

which represents a plane polarized waveform propagating at an angle 0 to
the quarter-wave plate, fast axis. The E component encounters a phase
shift of Tr upon two passes through the quarter-wave plate so that

Ell > - E sin wt sin 0 (3)m

Hence the components are still in phase. We are interested in the pro-
jection of our new electric vector E' along the polarizer axis. Hence
it follows that

E E" cos 20 (4)

The transmission is related to the wave amplitude squared so

T= E *E = cos 2 20 (5)
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END
QUARTER- MIRROR

WAVE PLATE

CALCITE LN
END PRISM

MIRROR LASER ROD

LII]E x l OUTPUT AXIS

ALL COMPONENTS ARE ON INDIVIDUAL ADJUSTABLE MOUNTS ALLOWING EASE IN
REPLACEMENT AND ALIGNMENT.

ONE END MIRROR IS IN A LANSING MOUNT ALLOWING FINE TUNING; THE OTHER
END MIRROR IS IN A TROPEL MOUNT TO GET THE "START-LASING" CONDITION.

THE MODULATOR IS ADJUSTABLE TO MAKE THE RESONATOR AXIS AND THE OPTIC
AXIS FIGURE PARALLEL USING THE MALTESE CROSS TECHNIQUE.

THE QUARTER-WAVE PLATE IS IN A CALIBRATED ROTATIONAL MOUNT BY WHICH
EFFECTIVE OUTPUT REFLECTIVITY CAN BE READ INDIRECTLY (WITHIN A FEW
PERCENT).

FIG. A.9-1 Resonator Layout.

A J4 PLATE
OPTIC AXIS

DIRECTION OF
BEAM PROPAGATION E:POLARIZER AXIS

1 X4 PLATE

,1 6)______________________ FAST AXIS

E
p

FIG. A.9-2. Beam Propagation to the

Quarter-Wave Plate.
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is given then by

R - = sin 2 20 (6)

3. Under careful test condition;, theu .f cctiVt, r, Flbotvictv had been
measured at the PD manufacturer's ,'ii i , tiio I: ( ,x: t) va1 S n :; Ciron in
Table A.9-1. The values of R(t boor) art ,ivon Iv ]I'q. 6.

TABLE A.9-1. Effective Pefioctiv'it-.

E-value, R E'(1xpt) L T ht2 0 C E-
deg % %

10 21.3 11.7 9.6

15 29.5 25.0 4.5
19 39.0 38.0 1.0

25 59.0 58.8 0.2
30 74.0 75.0 1.0

35 87.0 88.1 1.1
40 96.0 96.85 0.85

As evident from Table A.9-1, the reflectivity values agree particularly

well at high reflectivity values. Note too, that the laser rod bire-

fringence was negligible in the reflectivity data obtained. Hence this
theoretical method suggests a solution to the damage problem encountered

4 in the past.

4. Uith the use of two-element time-varying reflectance (TVR), the power
density internal and external to the resonator are related by

Pin = (I + R)Po/(1 - R) (7)

and for the case R = 0.70, it follows that

Pin = 5.67 E/t Ao (8)

where

F = energy output, J

t = pulse width
A = lasing area

Note that the entire rod does not lase. The author has shown experi-

mentally that the lasing diameter is near 0.233 inch. Therefore, it

follows that
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P. = 1.2 E (m)(:%/cm2 ); (9)

that is, an energy output of 100 mJ produces a peak power density (assumed
uniform over 0.233 inch' of 120 I/cm2 . Once Pin is set, the allowable
Eou t (mJ) is set, given a reflectivity of 70%. To compensate for theI|difference of lasing diamreter to physi cal diameter, the intraresonator

power density becomes

P. = 1.04 E (mJ) (MW/cm2 ) (10)In out

5. The PD manufacturers have established 80 N/cm2 as the .eafr power
density within the resonator. As is evident from Eq. 9, an energy out-
put of 77 mJ is allowable at the optimum reflectivity of 70%. To obtain
an energy output of 100 mJ without exceeding the safe power density with-
in the resonator requires lowering the output reflectivity; i.e., de-
tuning as the PD presently does. It can be shown directly that reducing
the output reflectivitv to 63% allows a 100 mJ output. The resonator
is approximately 5% less efficient at this reflectivity setting. Hence

the resonator can be operated at a reflectivity of 60% with an allowable
energy output of more than 100 mJ. The technique for setting this reso-
nator effective output reflectivitv was suggested earlier. It must now
be made to include the errors in setting that reflectivity value.

6. One other significant point regarding resonator power density needs
to be made. Preliminary tests have indicated that the close-wrapned
pump configuration produces a 12-nsec output pulse width. To obtain an
energy output of 100 mJ without exceeding the safe power density then
requires an effective reflectivity of about >%, This causes a degrada-

4 tion in output of 18% or the output reduces to 72 m.J. As a result to
achieve an output of 100 mJ, the pump energy must increase proportion-
ally. Hence the use of a close-wrapped pumping configuration represents
a considerable design compromise not to be pursued any further here.

7. To obtain an effective reflectivity of 60%, then one requires by
Eq. 6 that 0 = 25*23 ' with the incident pline of polarization. The
quarter-wave plate makes an angle 0 = 2 5 o2 3

' with the incident plane of
polarization. The quarter-wave plate mount is shown in Fig. A.9-3, and
the incident plane of polarizauion Eo is also indicated. A means of
setting the quarter-wave plate within its mount is needed, given 0.
Before this is done, however, some estimates are needed on the possible
error in reflectivity setting.

8. The possible sources of error in reflectivity setting are the retarda-
tion tolerance on the quarter-wave plate, the mounting tolerance itself,
and effects of component birefringence. The mounting tolerance depends
on the angle 0, as in Eq. 6.
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FIG. A.9-3.

dR/dO = 4 sin 20 cos 20 = 4 sin 40
or

dR = 1.96 dO at 0 = 25023 '  
(11)

indicating that as U increases, R (and power density) increases. A ref-
erence surface is available to align the mounting qtructure accurately.
Placement of the alignment scribes (*) within 0.005 inch causes dR = 1.2%
as the maximum error in mounting tolerance.

9. The specifications for the laser rod indicate a maximum allowable
birefringence of 0.5%. The birefringence of the calcite prism polarizer

represents a loss to the resonator and need not be included here.
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10. The final possible contributor to the reflectivity setting is the

retardance tolerance on the quarter-wave plate. The specifications call
out /4 ± X/50 as the tolerance. The net result of an error in the retar-
dance is that, substituting in Eq. 2

8rr
E =E sin (wt + 1T + i-) sin Om

E = E sin (0.9686 sin wt ±0.2487 cos wt) (12)II m

which causes the superposition of linearly polarized light and ellipti-

cally polarized light. Since the components are now equivalently out-

of-phase with El, eliptically polarized light is transmitted by the

quarter-wave plate. Because of this possible phase-retardance toler-

ance of 14024 ', it can be shown that the effective reflectivity becomes

R = 4 sin 2 0 cos 2 0 sin 2 ( + 7'12')

2

= 4 (0.42867)2 (0.90346)2 (0.99211)2

R = 0.5906 = 59.06% (13)

So the reflectivity changes by approximately 1% maximum because of the
retardance tolerance. Assuming that the errors are additive, the total
possible error in reflectivity setting is about 2.6%.

11. The fast axis of the quarter-wave plate must lie at 25023 ' from

the incident plane of polarization to obtain an effective reflectivity
of 60 ± 2.6%. Figure A.9-4 describes the technique for marking the

quarter-wave plate mounting structure to accomplish this. By the geom-

etry, the distance

X = 0.2125 tan 25*23 ' = 0.2125 (0.4745)

X = 0.101 inch (14)

Hence, a scribe mark at distance X from the centerline (horizontal on
the T-beam) should correspond to the fast axis as marked on the quarter-

wave plate. This then establishes the effective output reflectivity

at 60% and ensures power density does not exceed the safe level derived
by the PD manufacturers for output energies up to 100 mJ.

12. The use of a close-wrapped pumping configuration was discussed in
paragraph 6. The considerable level of detuning required makes it less
desirable for use in the T-beam. The safe level established by the PD

manufacturers was established as that power density where few damaged

modulators occurred statistically. It would appear that the use of a
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FIG. A.9-4.

cylindrical pumping enclosure for a given energy input would provide
more output energy even if the modulator were damaged. Hence, the use
of a cylindrical pumping enclosure with an effective output reflectiv-
ity of 60% seems a very reasonable design approach.

NOTES:

1. "Two-element TVR" is a resonator design approach which allows set-
ting the effective reflectivity by rotating a component rather than
by replacing one.

2. The relative energy output for the T-beam as a function of effec-
tive reflectivity is shown in Appendix H.3. There are cases where
a "detuned" (reduced) reflectance from the optimum value possible
is required to protect resonator components from the high-peak
power density possible.

3. The quantitative discussion regarding the intraresonator peak-power
density is not exact. The Q-switched beam uniformity is discussed
in Appendix F.2 and shows that the maximum peak-power density is
appreciably larger than P. of Eq. 9 would indicate. However, thein
techn'que as described to set reflectivity remains correct and
unaff;i.ted.
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4. This technique for setting the effective reflectivity is presently

in use and consistent with the technique described in paragraph 1
of these notes.

5. It is planned to scribe mark the T-beam showing the quarter-wave
plate mount position required to set the reflectivity to any desired

value (within reasonable angular increments).

5
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Appendix A-10

ALIGNMENT WEI)GE REQIIIREMENT

1. The present T-beam has only a pair of alignment wedges for dynami-
cally tuning the resonator to optimize its operating efficiency. fhese
alignment wet,,es presently align one end mirror with respect to the
other end mirror, which has the laser rod (actually the entire pump cav-
ity assembly) aligned with it in an approximate way. The alignment of
the laser rod to thisosecond end mirror is done by superposition of
reflected light (6328A) from the end mirror surface and the nearest
laser rod end face. By applying torque to the pump cavity assembly
while lasing (with due regard for the high voltages there), the author
has shown that an increase in efficiency of about 20% is realizable.
It has been shown that an alignment wedge mismatch (in terms of wedge
angle) was the major cause of the efficiency loss. If the wedges are
not an accurately matched pair, it is possible that an accurate resonator
alignment is not possible. By applying torque to the pump cavity and
the subsequent torque on the T-beam assembly itself, more accurate align-
ment of one end reflector with respect to the other was realized.

NOTES:

1. The T-beam resonator has fixed, nonadjustable end mirrors. The
manufacturing tolerances on the T-beam are such that improved
resonator alignment is required. This alignment capability is
provided by the wedges, which have an alignment capability, slightly
larger than the error in mirror misalignment possible due to manu-
facturing tolerances.

2. The insertion loss of the alignment wedges is described in Appendix
A-6.

3. Neither an adjustable end mirror nor a second set of alignment wedges
has been incorporated into the T-beam design as yet.
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Appendix B

FLASHLAMPS AND FLASHLAMP DRIVE CIRCUIT DESIGN
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Appendix B.1

KRYPTON- VERSUS XENON- FILLED FLASIILAMP
PERFORMANCE COMPARISON

1. The major testing was to investigate the characteristics of new flash-
lamps received recently, including xenon and krypton Germasil and xenon
and krypton Heliosil flashlamps. The input energy for all the test
results was 7.8 J, the capacitance (C) was 14.8 IF, and the inductance
(L) was near 30 pH.

2. The results of the tests were as follows:

a. The peak current for the krypton-filled flashlamp is approxi-
mately the same as that of the xenon-filled flashlamp but is slightly
lower.

b. The flashlamp parameter Yo for a krypton flashlamp at 1,500 torr
is slightly larger than a xenon flashlamp at 450 torr.

c. The peak of the current pulse is delayed from 20 psec after the
occurrence of the flashlamp trigger pulse (OFLT) with respect to the
xenon flashlamp current waveform. Hence, it is anticipated that for
the use of a krypton-filled flashlamp in the LWL, the timing delay of
the pockel-cell trigger pulse (OPCT) with respect to 4FLT should be
increased by approximately 20 psec as well.

d. The time separating the peak of the fluorescence curve and the
peak of the flashlamp current curve is the same for both flashlamp types
and is about 160 psec.

e. The fluorescence output is approximately 10% higher in krypton,
as compared to xenon. Hence, an efficiency increase of at least 10%
should be realizable using krypton flashlamps since the LC character-
istics are likely less than optimum for this lamp.

f. The reliable trigger voltage is approximately 50% higher for
the krypton flashlamp as compared to the xenon flashlamp. It should
be added that the cylindrical pump cavity is considerably more diffi-
cult to parallel trigger than the close-coupled pump cavity.

g. The current pulse half-width is approximately 10% longer for
krypton as compared to xenon flashlamps.

h. On the basis of the seven flashlamps tested, no quantitative
conclusions were possible regarding the fluorescence level by flashlamps
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using Germasil versus Heliosil envelopes. The reason for this was that
the fluorescence level from flashlamp to flashlamp (of one gas-filled
type) varied significantly.

i. Krypton-filled flashlamps show appreciably lower threshold energy
levels but lower slope efficiencies than xenon-filled flashlamps. As a
result the efficiency curves for these two gases will always cross. The
crossover point depends mostly upon the pump cavity efficiency and the
LC character of the discharge circuit used. Recent tests by Sylvania
had the crossover point near 40 J.

J. The krypton-filled flashlamps are preferred over the xenon-filled
flashlamps, especially at low pumping levels. The threshold level using
Kr- and Xe-filled flashlamps was typically 1.75 and 3.07 J, respectively.

NOTES:

1. Considerable flashlamp data have been generated by International Lamp
Corp., Inc. (ILC), manufacturer of the flashlamps used.

2. The terminology " FLT" refers to the flashlamp trigger pulse and from
whose time of occurrences the modulator trigger pulse ( PCT) is delayed.
It has been found that the (OFLT - OPCT) time delay has increased from
105 Psec to near 120 Psec now that Kr rather than Xe flashlamps are
in use. (The time delay required is established by efficiency and
multiple-pulsing considerations.)

3. Kr-filled flashlamps at 1,000-torr fill pressure are most often used
in in-house lasers.

4. The flashlamp trigger voltage is strongly dependent on the energy
storage capacitor voltage at low-input pump levels.

5. The laser rod fluorescence measurements were made at 1 Hz using a
spectroradiometer to read peak fluorescence output voltage.

6. The parameter Ko was measured incorrectly here and is given instead
in Appendix B-2.

7. Comparative lasing efficiency data of the Kr- versus Xe-filled flash-
lamps are supplied in Appendix E-3.
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Appendix B.2

TIME DEPENDENCE OF Kr- AND Xe- FILLED
FLASHLAMP IMPEDANCE

1. The flashlamp discharge circuit consists essentially of a fixed capaci-
tance, a fixed inductance, a fixed resistive loss, and a time-dependent
flashlamp impedance. The major resistive loss is in the windings of the
series inductor (which is present to increase the flashlamp pump pulse
duration and lower the peak current through the flashlamp). The time-
dependent flashlamp resistance has been measured by the author for both
krypton- and xenon-filled flashlamps. The series inductance and input
energy were varied, and the effect on the time dependence of the flash-
lamp resistance was noted. A fixed capacitance of 18.8 pF was used. The
fill pressure for the Xe- and Kr-filled flashlamp was 450 and 1,000 torr,
respectively. The series inductance of 11.3, 33.3, and 44.6 pH had a
measured resistance of 77, 240, and 317 mSQ, respectively. The flashlamp
parameter Ko was also measured and the value obtained for xenon was in
agreement with the manufacturer's value. The flashlamp data obtained on
the time dependence of the flashlwmp impedance and the agreed-upon value
of Ko are to be used in an nalysis of the flashlamp drive circuit design;
discussion is presented later in this report. The krypton flashlamp data
were taken to support the flashlamp drive circuit design for the PADS unit.

2. Figure B.2-1 shows the test schematic and equipment. A Tektronix, Inc.
P 6015 high-voltage probe and a Pearson Electronics, Inc. Model 410 pulse
current transformer were used to measure flashlamp voltage and current
simultaneously. Typical flashlamp voltage and current waveforms are shown
in Fig. B.2-2. Measurements for the voltage-to-current ratio were made
directly from the oscilloscope photographs taken. The time dependence of
the flashlamp resistance for both krypton- and xenon-filled flashlamps
for variable inductance and input energy is given in Fig. B.2-3 and -4.
Representative plotting data for xenon are given in Table B.2-1. The
product of flashlamp voltage and current (IV) is also listed.

3. The flashlamp parameter Ko was established from the value of flashlamp
voltage and current at the minimum conducting resistance value. The aver-
age value of Ko for xenon- and krypton-filled flashlamps yielded 26.0 and
26.2 S-A , respectively. The flashlamp manufacturer, ILC, Inc., claims
Ko is near 25 SQ-A for the xenon flashlamp used. No data were immediately
available for the krypton Ko value at l,000-torr fill pressure. It is
apparent from the data that the minimum conducting resistance for both
flashlamp types is approximately 1.5 S1. It is also evident that, for a
given LC product and input energy, the krypton- and xenon-filled flashlamp
pump pulse width, peak current, and Ko value are essentially equal.
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FIG. B.2-1. Test Schematic and Equipment.

V NOTES:

1. The IV product shown in Table B.2-1 is used in the analysis of

Appendix B-3.

2. The impedance waveforms of Fig. B.2-3 and -4, together with ILC, Inc.
data, establish the worth of the delayed triggering concept described
in Appendix B-5.
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Time base, Jaec/div. 10 .................................. 10
Voltage, V/div ........ 200 .................................. 200
Current, A/div ........... 100 .................................. 100
Cap V. V ................... 830 .................................. 1,000
Inductor, uH ......... 33............................ 33.3

Xe-filled flashlamp at 450 torr

Time base, Jec/div. 20 ................................ 10
Voltae, Vldiv ........ 200 ................................ 200V.) Current. A/div ......... ................................ 100
Cap V, V ................. 862 ................................ 942
Inductor, JH ......... 33.3 ................................ 11.3

Kr-filled flashlemp at 1,000 torr

FIG. B.2-2. Representative Voltage-Current
Waveforms for Xenon and Krypton.
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FIG. B.2-3. Time Dependence of Xe Flashlamp Impedance for
Several Input Energies and Series Inductance Values.
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TABLE B.2-1. Representative Plotting Data for
Xenon-Filled Flashlamps.

Case parameters: V = 1,000 V, L - 33.3 vJH,
C = 18.8jF 0

Time, Flashlamp

Wsec Voltage, Current, Resistance, Product,
V I R IV x l0 4

5.0 640 48 13.35 3.07
10.0 505 116 4.4 5.85
15.0 475 185 2.56 8.90

20.0 465 263 1.76 12.22
25.0 490 316 1.55 15.50
30.0 520 340 1.53 17.70

35.0 520 355 1.47 18.50
40.0 520 355 1.47 18.50
45.0 505 340 1.48 17.2

50.0 470 318 1.47 4 14.8
55.0 465 283 1.64 13.1
60.0 430 245 1.75 10.5

65.0 375 206 1.87 7.7
70.0 340 170 2.0 5.8
75.0 292 133 2.19 3.9

80.0 250 85 2.94 2.1
85.0 215 65 3.32 1.4
90.0 160 33 4.86 0.53
95.0 106 13 8.15 0.14

177.4
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Appendix B.3

THEORY VERSUS PRACTICE FOR Xe -FILLED FLASHLAMPS

1. The reprint, presented in the following pages, describes th'e dt-'ign
considerations necessary to optimize a single mesh flashlamp drive cir-
cuit. A digital computer was used to solve a normalized nonlinear dif-
ferential equation which describes the flashlamp drive circuit in general
terms. The theory provides the values for the optimum inductance, capa-
citance, and energy storage voltage to be used after the input energy,
pump pulse duration, shape factor a, and flashlamp parameter Ko are known.
It also provides an estimate of the series resistive loss for a given
shape factor and LC product of the flashlamp drive circuit. The reprint
is used extensively in establishing the results given in this B-3 portion
of Appendix B, the purpose of which is to compare the theory given in
the reprint with the experimentally measured flashlamp drive circuit
parameters and interpret any differences which arise. At the same time
the limitations of the theory will be made clear.

2. Appendix B-2 shows the time dependence of xenon- and krypton-filled
flashlamp impedance for several input energies and inductance values
(the equivalent of several values of Zo and shape factor a). The flash-
lamp parameter Ko was also calculated as was the flashlamp voltage-
current product IV (as given in Table B.2-1 of Appendix B-2) which cor-
responds to shape factor a = 0.70. It is intended to compare the theory
of the reprint with experimental results using equal flashlamp drive-
circuit parameters throughout. By using Eq. 4, 5, and 13 of the reprint,
the peak current, pump pulse duration, and resistive loss factor, shown
in Table B.3-1, follow directly where the latter assumes a 240-mSI inductor

*winding resistance and a shape factor of 0.70. The experimental loss
factor was obtained by summing the IV product in 5-psec intervals for the
case parameters of Case #3, Table B.3-l, and comparing this energy to that
stored on the energy storage capacitor. This case is also that provided
in the plotting data of Appendix B-2, Table B.2-1. The loss factor dis-
crepancy is resolvable from an examination of the normalized power input
(PN) characteristic defined by Eq. 10 in the reprint and in the results
of Appendix B-2. The data of Table B.3-2 were used to plot the PN and EN
curves defined in the reprint and given in Fig. B.3-1, which correspond
to the case parameters #3 and the shape factor 0.70 of Fig. 5 in the
reprint. From the PN plots of Fig. B.3-1, it is apparent that the theory
assumes a much lower conducting flashlamp resistance in the first 25 Vsec
of the current pulse than is actually present in practice. (The maximum
amplitude difference in the PN value is attributed to the difference in
peak current between theory and experiment.) As a result, the effect of
a series resistive loss is appreciably larger in theory than in practice
since the average flashlamp impedance during the current pulse is much
larger than Z0 . Those parameters such as peak current and pump pulse
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TABLE B.3-1. Flashlamp Drive-Circuit P'arameters, Theory Versus Practice.

Parameters

Case Shape z Peak current, Pulse width, Loss factor,

parameters factor, 01 A 11sec%

Theor. Experi- Theor. Experi- Theor. Experi-
ment ment ment

#1: V0 = 830 V, 0.766 1.333 322 285 75 85 15.0 6
L = 33.3 pH

#2: V0 = 910 V, 0.734 1.333 362 320 75 85 16.3 7
L = 33.3 WH

#3: V0 = 1000 V, 0.700 1.333 410 355 75 85 17.7 5.5
L = 33.3 pH

TABLE B.3-2. Plotting Data for P Nand EN

t, T I4' P E ,J EE ,J E (=EE /8.89 J)
pisec 10 N in' in' N in

5.0 0.2 3.07 0.041 0.1535 0.15 0.017
10.0 0.4 5.85 0.078 0.292 0.44 0.05
15.0 0.6 8.90 0.119 0.445 0.89 0.10

20.0 0.8 12.22 0.163 0.611 1.50 0.17
25.0 1.0 15.50 0.207 0.775 2.28 0.257
30.0 1.2 17.70 0.236 0.885 3.16 0.356

35.0 1.4 18.5 0.247 0.925 4.08 0.460
40.0 1.6 18.5 0.247 0.925 5.01 0.565
45.0 1.8 17.2 0.229 0.860 5.87 0.661

50.0 2.0 14.8 0.197 0.740 6.61 0.746
55.0 2.2 13.1 0.175 0.655 7.26 0.818
60.0 2.4 10.5 0.140 0.525 7.79 0.877

65.0 2.6 7.7 0.1025 0.385 8.17 0.920
70.0 2.8 5.8 0.077 0.290 8.46 0.954
75.0 3.0 3.9 0.052 0.195 8.66 0.976

80.0 3.2 2.1 0.028 0.105 8.78 0.989
85.0 3.4 1.4 0.0187 0.070 8.85 0.9955
90.0 3.6 0.53 0.007 0.0265 8.88 0.999
95.0 3.8 10.14 0.00187 0.007 8.89 1.000
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duration are more dependent on the LC character of the discharge circuit
than on the time dependence of the flashlamp impedance. Hence good agree-
ment is present between theory and practice for these parameters. The
increased flashlamp impedance in practice is attributed to a flashlamp
arc diameter appreciably smaller than the maximum possible diameter of
4 rmm and the fact that the flashlamp resistance varies inversely as the
square of the arc diameter. As a result, the use of the theory of the
reprint provides adequate design guidelines for the flashlamp drive cir-
cuit, except the resistive loss estimates are grossly in error.

NOTES:

1. The data generated here can be used to help show that the gain in
efficiency using the delayed triggering concept is small as shown
in Appendix B.5. From Table B.3-2 it is evident that about one J of
energy (compared to the 9-J input) was used in complete arc forma-
tion (arc generally fills the capillary).

2. The PD manufacturers have done a study which indicates that, gener-
ally speaking, the flashlamp drive circuit is relatively flexible
as to parameter selection without significantly affecting operating
efficiency.

3. The impedance Zo is a flashlamp drive circuit parameter and is not
the true flashlamp impedance. However, Appendixes B-3 and B-4 do
not treat them as distinguishable parameters.
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Design of Flashlamp Driving Circuits

J. P. MARKIEWICZ AND J. L. EMMETT

Abstract-The problem of design of single mesh circuits for whence
driving xenon flashlamps has been considered in detail. The normal-
ized nonlinear differential equation ' k a 11111 + f.{ I di - I K = d
for this system has been solved by digital computer and the solu- d' K
tions are presented. Since the equation is linear in time, though
nonlinear in current, it is possible to provide explicit design equa- or
tlions. With them, for a given lamp type, energy input, pulse dura-
tion, and pulse shape factor, the inductance, capacitance, and ,
operating voltage are easily determined. A procedure for estimating K, 32)

circuit losses is also presented. where I is length of discharge column. It should be cm-
INEAR and helical xenon flashlamps have become phasized that Ka is inversely proportional to d, not to d2.
the standard pump sources for pulsed solid-state The constant k is then only dependent on such parameters
lasers, and have also found a wide variety of as gas type, gas pressure, etc. K. or k is essentially the

other uses. These lamps are usually operated from single only parameter needed to describe the high current elec-
or multiple mesh LC networks. Since very little engineer- trical characteristics of a given flashlamp. This is a number
ing data on the various types of flashlamps has been that could easily be supplied by the manufacturers of
available, the driving networks have, in many cases, been the flashlamps. K. is simply found by flashing the lamp

rather haphazardly designed. In the case of a single at some reasonable loading, while measuring the voltage
mesh circuit, the capacitance is usually chosen with and current at a convenient time during the pulse.
regard only to the energy storage at a convenient voltage; We will now consider the flashlamp discharge circuit
the inductance is chosen to prevent explosion of the shown in Fig. 1. The nonlinear differential equation for
flashlamps. A simple design procedure is presented here this circuit is
which allows optimization of single mesh flashlamp
driving circuits. c iL d k KoI + f i d - .. (3)

The problem of circuit design would, of course, be
trivial if the flashtube were a linear resistor. This, how-
ever, is not the case. It has been shown' that the voltage- L

current characteristic of the flashlamp for the high cur-
rent region can, under certain circumstances, be rep- C j€ 0

resented as

V - dK, I, (1) Fig. 1. Single mesh flashlamp discharge circuit.

The sign is chosen to be the same as the sign of i. The
regions of validity of (I) and other deviations from this It should be noted that only losses in the flashlamp are
model are discussed later. presently being considered, as the driving circuit is as-

We will first consider how K. scales with the dimensions sumed lossless. If we make the following substitutions
of the discharge volume. (The units of Ko are ohms- and normalizations:
amps"'.) Assume two discharge columns of equal length
with diameters d and d'. The voltage drops across each I V_
of the two columns with current density J are equal. z. Z C ' Ze ' T

V - Ko(r/4 d'J)"' - Ke(I/4 d"J)1', T-v'i2c (4)
Manuscript received July 18, 1906. This work was supported
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Note that the damping parameter a is dependent on Vo, 1.0 02i

the initial capacitor voltage. This is, of course, consistent 0. -.- ---.

with the experience that a discharge circuit, critically 0.4 

damped at one voltage, begins to ring as the voltage 0.6 : ---- -- -0.-
is increased.

Solutions of (6) for various values of a have been 0. .0. j -. -

obtained using a digital computer. These curves for a =0.2 1 0.
to a = 3.3 are shown in Figs. 2-4. Differences between
these solutions and those for the linear LCR circuit are 0 4-
readily apparent. For a given Z., V., and peak current,
the solution of the nonlinear equation is more heavily -0.2 -. ,

damped than that of the linear case. The ideal under- -0.4-_ 1  
-

damped linear LCR circuit has an infinite number of - - .! -1 " -
zero crossings in its current waveform, whereas the non- 0.6 2.0 4.0 6.0 8.0 10.0
linear circuit has a finite number. As can be seen from r
these curves, a ; 0.75 corresponds to the critically Fig. 2. Normalized current for == 0.2 to 0.8.
damped case. Knowing the shapes of the curves for various
values of a, it is now possible to design the proper dis-
charge circuit.

The energy initially stored in the capacitor is
0.6

E,'= j.. (7) -.. - -- - -
This relation is used to eliminate V. from (5) to give ..... .

0.7

CZ 2EoaT'(80. - - - _ - -vi' "K) 0.5 -9 +....

We now have a set of three equations (4), (7), and (8) 0.4 -- a 1 +1.2
which, upon the specification of the flashlamp parameter - 1.4

K., the desired energy input E o, the pulse shape a, and 0.3 '1."
the time scale T, give explicit values of C, L, and V0 . - -2.0

When more information becomes available on the 0.2

optical characteristics of these devices, it is expected that 0. 1
the optical power output will correlate with the power
input rather than with the current or energy. The power 00 0 4.0 6.0 6 10.0o .0 4.0 6.0 8.0 10.0
input is just V

P - vi - K, il". (9) Fig. 3. Normalized current for a - 0.8 to 2.0.

The normalized power is
P

Px - ' = a Ill". (10)Pir~oo -. A.l 0.0
Curves of P, for various values of a from 0.2 to 3.3 00 . .. .... ..- - - - -

are given in Figs. 5-7. The energy dissipated in the lamps .2.2 5 . ... r

is just E 'PdF, while normalized energy is 0.150 .2.4 ,r

Em = 2. " id,. 011 . 0125
0 ,oI -. 3

Curves showing E, for various values of a from 0.2 to 0,.0-

3.3 are given in Figs. 8-10. These demonstrate the effect 0.075 -- - "
of flashlamp operation in circuits that are other than
critically damped. 0.050

Until now the effect of circuit loss has not been con-
sidered. A constant resistive loss r in the circuit will 0.025

produce a term ri in (3) which will modify (6) to be 00_ - IL -
0 4.0 0 2.0 16.0 20.0

rfI :: + I11L' 111/ +~' 1 . df - 1, (12)
dr [61 Fig. 4. Normalized current for a - 2.0 to 3.3.
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10.0 - the only lossy clement. It is for this reason that (12)

-0 {J-. -[ ,was solved in the one parameter approxhm:iio, of (6)

rather than to have made a two-parameter solution

i T quiring both a and r/Z,,.
2.0 ---4* IDeitosfom (1): the V-1 characteristic of the x'eziou

flashlamp which was represented in (1) neglects the two
,0 i l major lamp phenomcna--hysteresis in the V--I ch'ara'-

4 4 + .. tcristic, and tlre period during arc formation.

05 Iioo For any pulse length, there is always a smnall amount
--- of hysteresis in the V-I characteristic, although it is

.not a problem for pulse durations from 150 us to 4 nis.
0.IL It does, however, become noticeable for long pulses

0.10-I I (>5 ms), as the arc tends to remove material from
... electrodes and walls, thus producin, different arc char-

oo5 acteristics. Hysteresis thus encountered during long pulses
-- produces 10 to 20 percent deviation from (1), though

1 '!I this is not usually sufficient to necessitate circuit redesign.
0.02 - tttHysteresis is a problem for short pulses during w~hich

S Ja major portion of the pulse time is spent in the transition

0.1 02 1.0 2.0 of the discharge from a small filament or streamer to an
a arc that fills the entire discharge volume available. For

Fig. 11. The integral 2 foe- P dr as a function of a for estimating small lamps (diameter of discharge Column d = 1-5 mm)
linear loss. this time is of the order of 5 to 30 Ms. For larger lamps

(d of 10 to 20 mm) this might be as long as 50 to 123 ps.

with the same sign convention for 11.1/2 as before. The For total pulse widths comparable to these numbers, the
energy dissipated by this linear resistive loss is E, = above analysis serves only as a good starting point for
r f; i di. This energy normalized to E. is design.

. During the period of are formation, either or both of
f= I .f dr. (13) the arc inductance L.(t) and its time derivative LQt)

Eo Z0 . become important. (We assume L.(t) = L. at 9 = 0
The integral 2 f; I' dr, where the solutions of (6) have and L.(t) = 0 when arc has reached the walls of tube.)

been used for I., is plotted as a function of a in Fig. 11. If (3) is rewritten to show its dependence on these term.-,
With this data an estimate may be made of the energy we have
lost in the driving circuit when the losses are relatively L +d(L.(l_) i:h 1K +
small. The accuracy of this estimate improves when dL dt K, I C."+ i d = V,
(r/Z.)1., becomes small compared to a. The effect of r
on the previously determined pulse shape can be easily which can be expanded as

seen as follows. If the term (r/Z.)1,/.. is small compared [L + L(t)]di f + .,+ , dL.() ii
to a, a solution to (12) can be represented as a solution [L + L.K* + diJ "
to (6), where a increases slightly as the current increases
from I = 0 to I = I.... This increase in any well-de- + f i dt = V.. (14)
signed circuit is small, as can be shown by a simple C ,

numerical example. Suppose 3000 joules are to be dis- In short pulse systems, where the total discharge circuit
charged into a 1-cm diameter, 15-cm long xenon flash- inductance is kept as small as possible, the inductance
lamp. It is desired to have a critically damped pulse of of the arc is important, and is usually included as the
600 jus total duration. We then have: E. = 3000 joules, value of the full-sized arc. However, initially it is larger
T = 200 ps, a - 0.75, K. . 25 ohms-amps" 2 . Con- due to the extremely small filament size. During the
sidering a lossless circuit, (4) and (8) provide C = 580 tF, growth of the arc dL.(t),'d is a negative number. At high
L = 69 ,d[, Z. = 0.345 ohm. From (13) and Fig. 11 current, therefore, the term Jil" 2 dL.(f)/dt can be quite
we note that a 0.0.1-ohm circuit loss will dissipate ap- significant. Indeed, it is quite usual in high power micro-
proximately 10 percent of the total energy. I,... from second pulse systems to observe a negative voltage drop
Fig. 2 for a - 0.75 is approximately 0.53. Hence, across the lamp during the first portion of the pulse.
(r/Z,)1,q ;L 0.09. This represents a relatively small (A positive voltage drop being the IR drop with respect
correction to a even at the peak urrent. It is, therefore, to current direction.) The measure of damping of (3) is
obvious that in any well-designed circuit the pulse shape a - K,/(V,Z,)"'. We note that for (13) during arc
will deviate little from the case where the flashlamp is formation Z > Z. and also K can be <K.. Both of these
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effccts tend to produce a pulse that is more underdamped and 100 ps to > 10 nis for large lamps. Because the lamp
than would be expected. The foregoing is, of course, a current equation is linear in time, even though it is
rather naive indication of short pulse behavior, as among nonlinear in current, it is possible to give explicit design
other problems, it is not necessarily expected that the equations. With them, for a given lamp type, encrgy
are will follow (1) until it is confined by the discharge input, pulse duration and shape, the capacitance, induct-
chamber. Experimental results do, however, indicate that ance and operating voltage are easily determined. This
the initial portion of a short pulse, corresponding to arc procedure has been used to provide circuit designs for
growth, has an effective a less than would be calculated many types of xdnon flashlamps in this laboratory and
for the static model, has been found accurate and useful.
.A design procedure for flashlamp circuits has been

presented here, which allows optimum matching of a ACKNOWLEDGMENT
flashlamp to a single mesh LC circuit. It is useful for The authors would like to thank Prof. A. L. Schawlow
pulse durations from 30 ps to > 10 ms for small lamps for his interest and support of this work.
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Appendix B4

RESISTIVE LOSS FACTOR IN
FLASHLAMP DRIVE CIRCUITS

I. The experimental resistive loss value was obtained by summing, in
5-usec increments (from oscilloscope photographs of lamp voltage and
current with time), the instantaneous energy dissipated in the flashlamp
compared to the total stored flashlamp energy, 0.5 CVO. The theoretical
value for the resistive loss factor was 17.7% for a 240-mQ series loss
resistance; whereas, the experimental value was estimated at 5.5% (for
a shape factor 0.70). The author attributed the major difference in
these loss factors to the fact that the actual flashlamp resistance dur-
ing the current pulse duration was appreciably larger than Zo . This dis-
cussion establishes an experimental equivalent to Zo to improve the esti-
mate of the resistive loss factor and shows, in this case, that the dif-
ference in theory and experiment lies strictly in the average flashlamp
impedance figure.

2. To establish an average flashlamp resistance value for the total
pump pulse duration, the energy input to the flashlamp in discrete time
intervals (or increments) is required. This was done in Appendix B-3
for the shape factor 0.70. The average flashlamp resistance is defined
by the equation

R RiE /E E  (1)
i iii i

where i is the number of time increments used in the summation. The
data of Appendixes B-2 and B-3 are used to provide Ri and Ei in the
5-Usec time increments used. Tabl1 B.4-1 provides the data for the sum-
mation. Then directly, the average flashlamp resistance becomes

- E Ri Ei/iEEi - 17.74(S2 - J)/8.89(J) - 1.9961 (2)
ii

A 240-MQ resistance would represent a loss, using R, of (0.240)/
(1.996 + 0.240) = 10.7%. The theory, using Zo - 1.333, predicts a
loss of 17.7%. If the average flashlamp impedance of practice is com-
pared to the Zo of theory, then the resistive loss factor estimates
agree very well, for then (10.7%)(1.996/1.333) - 16.1%, which yields
a loss factor difference of about 10%. Considering the width of the
time increments used, the agreement is very good. Hence, the differ-
ence between theory and practice for estimating resistive loss is due
strictly to the difference in the average flashlamp resistance K rela-
tive to the theoretical impedance Zo . The actual resistiveloss factor
is then smaller than the theoretical value by the ratio Zo/R.
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*TABLE B.4-1. Plotting Data for R.

t, psec RS Ei , J EiRf S-J

5.0 13.3 .154 2.05
10.0 4.4 .292 1.275
15.0 2.56 .445 1.14

20.0 1.76 .611 1.075
25.0 1.55 .775 1.20
30.0 1.53 .885 1.354

35.0 1.47 .925 1.36

40.0 1.47 .925 1.36
45.0 1.48 .860 1.274

50.0 1.47 .740 1.09
55.0 1.64 .655 1.175
60.0 1.75 .525 0.918

65.0 1.87 .385 0.72
70.0 2.0 .290 0.58
75.0 2.19 .195 0.427

80.0 2.94 .105 0.31
85.0 3.32 .07 0.232
90.0 4.86 .03 0.147
95.0 8.15 .007 0.056

17.74
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Appendix B.5

DELAYED FLASIILAMP TRIGGERING CONCEIT

1. International Lamp Corporation, Inc. (ILC), manufacturer of laser
flashlamps, has conducted tests on delayed triggering of flashlamps
which essentially involve discharging the main energy storage capacitor
through the flashlamp only after the arc has formed more fully than if
immediate capacitor discharge after flashlamp triggering were used.
Basically, they measured fluorescence output improvements of 10-40%,

I depending upon the LC character of the discharge circuit and the gas
used. By integrating the laser output and operating at one pulse per
second, it was hoped that the delayed triggering concept for the flash-
lamp might be tested (in actual lasing tests rather than just fluorescence
tests) without extensively exceeding the dissipation capability of the
KN-4B krypton used in this circuitry.

2. The first tests with this delayed triggering technique showed an
energy output degradation of about 40% or so just by placing the krypton
in the discharge loop with negligible delay. Experimentally, it was
found that the degradation in output energy was caused by three factors:
(a) the lint product for the flashlamp discharge, (b) the krypton arc' drop, and (c) ohmic heating in the base leads. These factors degraded
the output on the basis of the loss in available pump energy by 10.5,
19.5, and 6.5%, respectively. The measured arc drop at 200-amp peak
current was 70 volts; EG&G data state that more typically 90 volts can
be expected. The author's value was used in the above calculations.aThe ohmic heating was based on the FG&G figure of base lead resistance
of 52 mS/in. Hence, the degradation in output energy by using the
krypton could be corrected by including these losses by measuring arc
drop voltage, peak current, flashlamp current pulse width, etc., but
it was decided to forego these tests again. The availability of a
positive charging supply makes SCRs usable and data can then be taken
much more efficiencly.

3. The Wilmore power supply, employed in the prior testing, used a
negative capacitor charging voltage. This complicated the delayed-
triggering circuitry due to polarity problems of voltage switching.
Hence, a high-current capability KN-4B krypton was initially used. The
in-house lasers built had a positive charging system and so their bread-
board el:ctronics became available for these tests.

4. The author did not perform any further delayed-triggering tests,
but advised a co-worker to do so. His results showed that little
improvement in laser efficiency was possible using the delayed trigger-
ing concept.
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NOTES:

1. ILC, Inc. has done considerable testin g of fluorescent output effi -

ciency for the delaved-triggering concept. Their data indicate

strongly that if the LC is near optimum for normal (no delay) cur-

rent discharge with respect to flashlamp triggering, little gain is
made in efficiency using a delayed triggerin; approach.

2. The slight improvement observed using a delayed current pulse (and

using L = 30 gIl) is attributed to the fact that, for krpton-filled

flashlamps, the optimum LC is larger than typically used experi-

mentallv. The difference in fluorescence output between optimum

LC and experimentally used IC was about 107/ .

3. ,':. z'p " : ... ,, is perhaps a misnomer. The fl-sh-

lamp is triggered in the usual way, but the current pulse is
delayed (ptrhaps 100 sec or more) with respect to that triggering.

4. There are other system design considerations for the use of the

delayed trigger (or "simmer mode") flashlamp operation. The
improvements include (a) increased flashlamp life, (b) reduced
EMI/RFI radiation, and (c) reduced coolant degradation. The

major disadvantage of this mode of flashlamp operation is the

added control and regulation electronics.
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Appendix C

PUMP CAVITY DESIGN
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Appendix C-1

THERMAL LENSING VERSUS THERMAL DISTORTION
IN THE LASER ROD

1. The PD manufacturer described theoretical calculations, which predict
the laser resonator raw-beam divergence, using geometric optics and the
classical resonator theory. The use of geometric optics is justified on
the basis that the resonator raw-beam divergence is appreciably larger
than the diffraction limited value; the classical resonator theory

q assumes a homogeneous resonator. Several inconsistencies, however,
appeared to cloud the issue including:

a. The theory shows no dependence on pulse-repetition rate, coupling
geometry, or energy input level unlike experimental results.

b. Chromium sensitization of Nd:YAG appreciably degrades the resona-
tor output raw-beam divergence, whereas lutetium doping of Nd:YAG improves
it significantly in some cases.

The author felt there was a need to verify or disclaim the presence of
end-face thermal lensing. It is also apparent that thermal distortion
(optical path length variations) rather than thermal lensing (which
implies a simple curvature of an incident plane waveform) would not obey
the classical resonator theory and, at least qualitatively, satisfy the
inconsistencies presented above. This portion of Appendix C describes
the calculations of the thermal lensing equation and the results of the
experiments performed to test it. The test results indicate that further
experimental tests and analytical calculations would be beneficial to
understanding the pump cavity performance as it relates to the raw-beam
divergence.

2. Figure C.1-1 is the experimental arrangement for measuring the thermal
lensing effect. A collimated He-Ne laser is expanded in diameter to match
the laser rod diameter after passing through a 50-50 beamsplitter. If the
rod end face is flat, the beam diameter at distance t from the laser rod
end face is dr. As the flashlamp is fired and if thermal lensing is present,
the beam spot diameter increases to diameter dc due to a radius of curva-
ture R of the rod end face. This radius of curvature R can be related to
physical parameters of the experiment. Calculations on page 78 provide a
derivation of this thermal lensing equation and show that the radius of
curvature is given by

R 2t[(d c/d r ) - 1 (1)
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(

The spot size diameter is not quite round and is a multiple image due to
the thick beamsplitter. Also the estimate of spot diameter is difficult
due to the flashlamp pulsing and relatively poor image quality. So a
technique using a photodiode that views a 200-Hz modulated signal (which
can be lock-in amplified) was used. This then would allow quantitative
measurements of the thermal lensing effect as well.

3. By placing a photodiode of active diameter do in the spot diameter
(dr and dc), it would witness two intensities (for the flat and curved
rod end face case) and create two different voltages at the lock-in
amplifier as

V00 k (d /d r)2

VF  k (d /d )2
F o c

where k is a (onstant of proportionality. Then directly, V./VF = (dc/dr)2

So then the radius of curvature R can be related to the photodiode out-
put as

R = 2t/I(V /VF) -1] (2)

This formula then provides a quantitative measurement for R in terms of
a length t (here about 10 meters) and a voltage ratio from a lock-in
amplifier. Page 80 begins the derivation of a general expression which
relates thermal lensing contribution to the raw-beam divergence.

4. No thermal lensing was observed qualitatively or measured quantita-
tively in the tests made. The apparent spot size did not change at any
time. However, by aligning the laser rod so that a reflection was present
from both faces, it was apparent qualitatively that the contribution from
the back face of the laser rod was changing with time and was equivalent
to an optical path length distortion rather than a thermal lensing effect.
(This was made more evident by shutting the cooling system off completely,
firing the flashlamp for a few seconds, and then turning the cooling
system back on.) Of course, the optical path length changes as the rod
is heated due to dn/dT (among other things); i.e., the refractive index
changes as the laser rod temperature increases. But, if the heating is
uniform, no distortion in optical path should take place. The rate at
which the laser rod was cooled back toward the ambient temperature was
apparent from counting the interference fringes produced by reflection
from the two faces of the laser rod (see Appendix A.8).

5. The complex, multimode structure within the laser resonator coupled
with the optical path length inhomogeneity makes theoretical calculations
of raw-beam divergence unreliable. However, on the basis of information
in the open literature and some intuition, it can be said that:
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I
a. Optical path length differences caused by inhomogeneities due

to pumping or coolant flow or the radial rod temperature gradient cause
more complex modes to oscillate, and hence an increase in raw-beam diver-
gence should be expected.

Ub. Optical quality of the laser rod in passive tests using the
Twyman-Green interferometer is quite different from the resonator quality
during active operation.

c. The optical path distortion contribution to raw-beam divergence
is more significant for use with flat mirrors than with curved mirrors.

d. Measurements at I pps and 10 pps indicate a beam divergence dif-
ference of about 30%, and the contribution of optical distortion to raw-
beam divergence is appreciable.

e. The heat generation within the laser rod is .mostly due to the
radiationless transitions which occur in a very short time after the
flashlamp creates that excited atom or ion. As a result, no significant
heat redistribution occurs within the laser rod prior to Q-switching,
and the pumping uniformity establishes the heat distribution generated
per pulse by the flashlamp at low repetition rates.

f. The wavefront distortion produced by the flashlamp pulse itself
is negligible compared to the long-term thermal effects of the pump
cavity environs at high repetition rates.

g. All components in the pump cavity and its design in general need
to be studied further to understand the effects of this distortion.

The contribution of the coolant (its flow pattern and physical properties),
the thermal energy that the rod must reradiate for Xe versus Kr, the
coupling shape, the pump uniformity within the rod, and so on, are all
of interest in this interpretation.

6. Neglecting the contribution due to stress and pump nonuniformity to
fringe count, a formula can be quickly derived to relate a thermal gradient
in the laser rod to a fringe count across the cross sectional area of the
rod. The more fringes there are over the rod face or cross section of
the resonator, the more complex the mode structure which can oscillate.
The higher order mo& 3 of the oscillator are made to contribute more
to the resultant raw-beam divergence. This formula, derived beginning
on page 84, is

ATR = X(N - Nc )/2s[no + (dn/dT)] (3)
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and substituting values:

dn/dT = 7.3 (10)- 6/'C

= 6.9 (I0)- 6/OC

n = 1.83

s = 76.2 mm

X = 6.24 (10) - nMn

yields

ATR = AN/5(°C)

Hence a temperature difference of 1C within the laser rod, from center

to edge, causes an optical path length difference of 5 wavelengths at

63281 (or about 3 wavelengths at 1.060, neglecting anomalous dispersion).

NOTE:

These calculations by Eq. 3 are shown to be in error due to the fact

I) that the laser rod is under negative stress (compression) and so is
not capable of freely changing its length from center-relative-to-

edge due to a radial thermal gradient (see Appendixes C.5 and E.4).

Derivation of Thermal Lensing Equation

From the lens equation with a flat-rod end face, it follows that

+ 1 2
-- + . O (1-1)

and for the curved end face case, due to flashlamp pumping, it becomes

1 1 2
S,(1-2)S c  S c , R

but

S - SCco

and

RSCo

c 2S- R (1-3)
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Assume that the beam spreads at the laser rod, upon reflection, are O.
and 0c for the two cases. Then for small 0,

0O= hr/S.

0c = hr/Sc '  (1-4)

and so

Oo Sc ,

C S

and by proportionality,

(S,,, + t)e,- d
4r

(Sc , + t)0c = d (1-5)

and taking the ratio

S. So+ t S Sc, d rs- - (1-6)

The laser beam (6328A) is very well collimated so that S, >> R,t
which yields that

Sc , = E (1-7)

and so

Sl+ c' d + t

then

dd R/2

d (R/2) + t
c
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and

( +t d R-C

R (dc - dr) = 2tdr

and finally

R =2t I[( dc 1 1 (1-9)dr

which relates the radius of curvature of the laser rod end face to measur-
able parameters and dimensions.

Lensing Contributic.; to Raw-Beam Divergence

The results of a study by the PD manufacturers claim that

0ra =0(1 + (2-1)
raw (

(eq)

where K2 and 01 are functions of resonator design and X,

and where

1

F - (2-2)eq I+1 N 1

2F1  2F2 + i
i= 1

Then let

2R +  R2 (2-3)

where R, and R2 are the radii of curvatures of the two end faces. If

the curvatures are equal, then

R= R 2 = 2R
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( Interest is in the change in 0 as a result of a change in R, assuming
raw

this theory is correct. So then

dO dO dF
raw raw eq

dR dF dR
eq

K2  1 1 2

2 ( Feq ) 3/2 _1+ 2 R 2

1 2 0.065-K2 - (2-4)

using K = D/VL 0.25//5 = 0.065.

For convenience, let

R, = R = 2R

then

2dR 2 = dR

and

dO = 0.065 dR/2 = 0.130 dR (2-5)
rw (1)2(_l (I A)'?

where

R = 2/[( - 1 (2-6)

as decided earlier. If one plots the lock-in amplifier voltage as the
ordinate and time as the abscissa on an XY recorder, one expects for real
thermal lensing the following dependence:
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V'.

!E
.j

Va SYSTEM A
va

Vb 9SYSTE B

Ir

Two different systems A and B could yield different lensing magnitudes;
e.g., if Kr and Xe flashlamps are used. So the two values of R become

R =2 - 1]
a +

Rb 2t/[F 1 (2-7)

and using 2 = R,it follows that the resultant change in raw-beam

divergence is

0.130 (Ra - Rb)dO (2-8)
raw R + 2(+ F

a2 + a+Rb)

so a change in beam divergence can be related to the pump cavity compo-
nents selected. Actually, one still needs RaR in terms of voltages
in this equation. So proceeding,

R R 2t 2t

a a bv8
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(.J - (I- ' +1

= 2t [(v)_ ]
a 11K LX /b

= 2t ()-a) ( (2-9)

and also

R+ Rb 2 t .I 0+ i

[(a V ](7 ) - -

b 2

a- 1]) - i]

and finally,

v)2t (b ) + (v ) (2-10)
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which indicates that one must calculate (Vi)-  to get the dependence on

the radii of curvature. Then Eq. 2-9 and 2-10 can be used in Eq. 2-8 to
get the contribution to beam divergence directly. The value of F is

established by the end mirror curvature of the resonator reflectors.

Fringe Couiting and Thermal Gradient

BS LASER POD

He-Ne

The optical path length difference between a projection from the front
and back surface of the laser rod is

P = 2nS (3-1)

and so with temperature

AP dS dn= 2n - + 2S
A dT dT

= 2S na + ( (3-2)

where the linear expansion coefficient is such that K = 1 dS
S dT'

Therefore, we can say

AT Ap (3-3)

2S Inct + (dn/dT)I

Since the interest is in the fringe count at the center relative to that

at the edge of the rod, then

ATR = AT - AT (3-4)R e c

NA N A

AT c c (3-5)TR I _d~ id~

2S Lna + (2S Ina+8
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and finally

ATR 2S e (3-0)
2S~ ~ ~ In, dT,

The distortion of an incident plane wave is then avail :ibe in ter:M ,cf
wavelengths of the probe beam (here 6328A) wavelength.

NOTES:

1. The actual cause of the increased beam divergence was latu~r e ;tab-

lished as due to a radial thermal gradient a5; described in Append ixe

C-5 and E-4. This test did serve to show that negligible thermal

lensing of the laser rod end faces occurs.

2. This appendix made evident the need for a new equation describing

the raw-beam divergence from the T-beam-type resonator. It is
derived semiempirically in Appendix E-4.

3. The equations derived for the lensing contribution of the rod end

faces to raw-beam divergence are applicable to high power CW

laser systems.
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Appendix (;-2

I NIII FI.KILOI I.;IR IC S'I'tUI)II,[S

]. The prccen t pt:p cavfIt v dunii ,i s v . i:i t itd by thec auth r

after the prese , c of t .r:.aI di t kn t ai, a ,.., n,,..'n by ,.lv.,, and c o:eri-
rent. Wi ile the inve t.iation o( th in t nal7c distortio,: , i ulder.wayv , a
concurrent aid related .valut.l I roeo nal itor outp ut ha.irteristi(m is

also being performed. Thse pump cv'itv stud os have included output-
beam uniformitv studies and ra'..'-b divcrence masurtn,'nts, wi tl the
variables being pci-np cavity sho.' , flahlarip Lvpo, nd-reflector type,
and resonator aligniuent accuracy. \ crit.rion to det rr::ine Lhe risal ion-

ment axes of the resonator w'as Pst.ablishpd b-y an examination of burn
patterns on exposed Polaroid film. The effect of thtr-al distortion on
raw-beam divrirgence wi th intreaAd puls'p-repet it ion rate usi ng FC-104
coolant was established. Test results using a water coolant and ani alter-
nate coolant ent rance port arc also to be provided. Recom:rendat ions are
also made on possibJe pump cavity m odifications to correct its present
thermal deficiencies.

2. The interferometric test apparatus is sho':n in Fig. C.2-1. Reflection
of the single-mode heliumn-neon laser light from both surfaces of the

I) laser rod produces interference frilnoes, where interference fringes were
counted to determine the equilibrium operating temperature of the laser
rod. Since the laser rod is not opticallv perfect, its specification to
the manufacturer allows (perhaps) one fringe per linear inch when tested
in a Twyman-Green interferometer. This allowable fringe count may be
due to variations in the refractive index of the laser rod, or variations
in length, or both, and the individual contributions are not distingcuisoh-
able with the use of a single interferometer. These fringes represent
a difference in optical path length of one wavelength bet'een them (in
two passes through tile laser rod). If the laser rod, due to flashlap
pumping, is heated nonuniformly, the interference-fringe count over the
laser rod diameter increases. If the s' side of the laser rod hap-
pens to be oriented to that side of the laser rod which is of longo r
optical path length (again due to index f refract:ion gradients, or
length differences, or both), the interference-frinIge count will be
larger than if the laser rod w, re rotated 180 deg. Therefore, the
interference-fringe count obs, rved due to thermal distortion r.av vary
depending upon the laser rod orientation within tile pum:p cavity as will
be shown directly. Yet the net increase in tierrial distort ion rtains
unchanged as far as the effects on increased ra'-beam diver;once ar(
cocerne(1. All of the pump cavitv design studies have been p.rtorrd
with a single laser rod. The raw-beam divertenc, at I pps rel ativye t c
that at 10 pps depends upAn the increase in the index of refraction
gradient relative to that prestnt when received from the manulactur,.r.
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BEAM BEAMSPLITTER
EXPANDER Nd:YAG ROD

I POLARIZER

s NOTCH FILTER

VIEWING SCREEN

FIG. C.2-1. Interferometric Test Apparatus.

Since, in the Twymann-Green interferometer, a length difference and an
index of refraction difference are optically equivalent, the absolute
magnitude of the index of refraction gradient is not predictable. Hence,

( Y) the data presented and the results derived using interference-fringe-
count data should be considered statistical in nature in that other rods,
if tested, may likely yield somewhat different results.

3. Before describing the interference fringe behavior at both 1 and
10 pps, the concept of thermal focusing should be mentioned. A length
difference caused by thermal gradients essentially misaligns the resona-
tor. This is evident (for instance) by operating a resonator (which has
thermal distortion) at a l-pps rate after it has been tuned and opti-
mized for operation at the 10-pps rate. Suppose now that two parallel
optical paths through the laser rod, separated by a distance a, have an
optical path length difference, in one pass, of one wavelength. Then it
can be shown by Huygen's principle that this optical path length differ-
ence creates a focusing effect between these paths equivalent to a lens
of focal length f, where f = a2 /2. Hence, one could alternately view
thermal misalignment as a thermal focusing of sorts in one plane, and
then technically it can be said that thermal lensing occurs in the
laser rod. To get the equivalent of a lens effect with focal length f;
i.e., focusing in two normal planes due to thermal distortion in the
resonator, the optical path length of a path P weild need (1) to be less
than that of a second path I" by one wavelength, (2) to be separated
from it radiallv by a distance a, and (3) to be rotationally svmmretric
about the path P' This means that to the observ r, circular inter-
ference patterns would need to be seen, these rings being separated by
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distance a laterally and distance X longitudinally. As an example,
suppose a dark spot existed at the center of the laser rod and a dark
interference ring is seen near its edge. Then this produces a lens
effect with an equivalent focal length (at the probe wavelength) of

about 8 meters and reprevents a true thermal lensing in the laser resona-
tor. The net result in this case would be that the resonator raw-beam
divergence would behave as if a flat end mirror were replaced with a
curved end mirror. Circular interference fringes were not observed in
the tests performed by the author but have been observed in both glass
and ruby laser rods at very high input energies. The absence of circular
interference fringes also indicates that the temperature distribution is

q not radially symmetric.

4. When the flashlamp is fired at 1 pps, the interference fringes are
seen to jump instantaneously corresponding to the absorption of the
flashlamp radiation by the laser rod. The interference fringes returned

to their initial position before the next pulse occurred; i.e., the
thermal relaxation process lasted less than 100 msec. The internal heat-
ing is caused by two mechanisms: (1) absorption by the host material,

and (2) radiationless transitions within the dopant or impurity ion.
The flashlamp pumping uniformity then determines how uniformly the
absorbed energy is distributed within the laser rod. In turn, the pump
uniformity determines the thermal distribution in the laser rod at the
l-pps rate since negligible thermal conduction occurs within the l00-osec
pump pulse duration. Hence, the optimum pump uniformity of the laser rod
should provide the minimum raw-beam divergence at 1 pps for a given laser
rod. Furthermore, the amount of energy absorbed by the laser rod is
predictable on the basis of the magnitude of the interference fringe
jump. The largest inherent inaccuracy in this calculation is the esti-
mate of the amounL if the interference fringe shift due to this absorp-
tion of flashlamp radiation. The percentage of energy absorbed (%Eabs)
by the laser rod is equal to the ratio of that actually absorbed in the
laser rod as compared with that stored in the energy storage capacitor
so that

%Eabs - C p V AT/0.5 CV2

= C p V/0.5 CV 2 NX/2t[ncx + (dn/dT)I
P

= C p V N X/CV 2Z[nt + (dn/dT)] (1)
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where

C = specific heat of YAG (0.586 J/g-°C)

p

p = density of YAG (4.55 g/cm3 )

V = volume of laser rod (2.42 cm 3)

0.5 CV2 = energy input per pulse to the flashlamp (8.5 J)

N = interference fringe shift magnitude (1/4 of one frinpe)

A = the probe wavelength (6328A)

Y = laser rod length (7.63 cm)

n = index of refraction of YAG (1.83)

= linear expansion coefficient for YAG (6.9 x 10- 6 *C-1)

dn/dT = thermal index coefficient for YAG (7.3 x 10- 6 0C-1 )

and substituting these figures into Formula 1 yields %E abs = 4% and an

increase in laser rod temperature of only 0.05C per pulse. A recent
Korad publication describes the thermal analysis of a CW pumped Nd:YAG
laser rod. The author concludes that the fraction of electrical input
power into the lamps (krypton-filled lamps in a double elliptical config-
uration) which is absorbed by the laser is only 7.5%. He also states

that E. Matovich of Autonetics has calculated that a 6-mm Nd:YAG laser
rod absorbs only 4.5% of the total radiation of a blackbody radiator at
a temperature of 3200*K. The result above is in reasonable agreement
with these findings.

5. At 10 pps, the interference fringes travel in a well-defined direc-
tion. It can be shown that, if the laser rod is heated, the interference
fringes move in the direction corresponding to the shortest optical path
length. Since c and dn/dT are both positive this also means that the
interference fringes travel toward the coolest part (or side) of the
laser rod. Because of the orientation of the laser rod in the pump cavity
relative to the imposed thermal gradient and the heat conduction process
itself, the interference fringe curvature may vary as well (as does the
fringe count as described earlier). The fringe count data as a function
of input energy are shown in Fig. C.2-2 (after subtracting what the author
calls the residual fringe count or the a.-,ricociod fringe count). Since
the laser rod was reoriented in rotation between many of the individual
test runs, the random nature of the residual fringe count orientation to
that produced by the thermal gradient is readily evident. Of particular
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FIG. C.2-2. Fringe Count Versus Input Energy. Thermal distortion
fringe-count data summary as measured at 6328A less the residual

fringe-count figure.

interest is the slope of this curve. If an interference fringe count
gradient with increased input energy is obtained, an interference fringe
count from a Twyman-Green interferometer should be related to a raw-beam
divergence increase as well. One precaution is tirst necessary, however.
The optical path length (P in a Twyman-Green interferometer is given
by PTG = 2(n-l)t, where t is the length of the laser rod, since the
optical path length through the laser rod and back is compared to a
separate air path length. (An increase in laser rod length due to
heating represents a decrease in the air space length in this inter-
ferometer, and hence the (n-l) dependence appears.) Recall that the
optical path length of the laser rod interferometer is Just PR = 2nt.
Now suppose each interferometer changes in length by de aAd n remains
constant. Then let df be one wavelength and n = 1.83 and then it follows
that dPR = 2 dPTG. If the index of refraction rather than the length had
changed, the optical path length change in each interferometer would be
the same. Let the change in d( be assumed since it represents the worse
case difference in the interference fringe count. In this case, one
fringe in a Twyman-Green interferometer is equivalent to two fringes
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in the laser rod interferometer. The slope of the curve in Fig. C.2-2,
related to a Twyman-Green interferometer fringe count, would then be 0.3
fringes per 2.5 J of input energy. The raw-beam divergence increase with
an increase in input energy was (for this same laser rod) 0.22 mrad/J.
Hence, for an increase in input energy per pulse to the flashlamp, a
change of X/10 in interference fringe count corresponds to an increase
in raw-beam divergence of about 0.2 mrad. At a fixed input energy level,
using the average fringe count data of Fig. C.2-2 and prior experimental
results, the raw-beam divergence is expected to increase slightly less
than 0.1 mrad/X/10 change in thermal distortion magnitude. If this
analogy could be carried to zero input energy, then an increase in resid-
ual fringe count by X/10 would increase the raw-beam divergence expected
by only about 0.075 mrad. The analogy also assumes that the contribu-
tions of length difference and index-of-refraction differences are in
the same proportions as those present in the residual interference fringe
count. If many laser rods were tested (as has been done with ruby laser
rods), the wide variance in raw-beam divergence at low repetition rates
would be evident. The author attributes this variance to differences in
the relative magnitudes of dn and ai separately. Unfortunately the tests
on ruby laser rods did not measure their relative magnitudes. The possi-
bility of measuring each separately is possible using two interferometers--
one of the laser rod and the other, the comparator, or Twyman-Green type.
Note that if interference fringes are counted separately for each type,
it can be said that

AP =2(nAt + LAn) NX (2)
R

APT 2[(n - l)At + An] =N'X (3)
TG

and directly

At - (N - N'))/2t (4)

An [nN' - (n - I)N]X/2Z (5)

This was not possible with the author's apparatus due to the instability

of the Twyman-Green type of interferometer.

6. For most of the interferometric studies, the coolant entrance ports
into the pump cavity were oriented perpendicular to the laser rod-
flashlamp plane as shown in Fig. C.2-3. The coolant strikes the flash-
lamp envelope near the electrode (and traverses a short channel (of about
1 cm) before entering the electrode-less (and laser rod) portion of the
pump cavity. The geometry for three pump cavity shapes and the end
plate manifold is given in Fig. C.2-4. By examining the interference
pattern obtained while firing the flashlamp at 10 pps (and by some raw-
beam divergence measurements), it can be concluded that:

93



TN 4051-2

FIG. C.2-3. Coolant Entrance Port Geometry, Normal to Flashlamp-Rod Plane.

Y,1 COOLANT FLOW DIRECTION
INTO ENTRANCE CHANNEL

DIMENSIONS AREO.5 U
APPROXIMATE ONLY

ENTRANCE CHANNEL
~ CROSS SECTION COOLANT

FLOW IS OUTWARD

SUPERIMPOSED

COUPLING GEOMETRIES

LASER ROD

CYLINDRICAL
MANIFOLD_"

"RACETRACK"
ELLIPTICAL

F LASH LAMP WITH INSERTS

FIG. C.2-4. Flashlamp-Laser Rod Coupling Geometries
(including end-plate manifold layouts).

94



71

TN 4051-2

a. The hottest portion of the laser rod is that indicated by the
darkened region of the laser rod, as shown in Fig. C.2-4. This is due
primarily to the inability of the coolant to provide adequate flow in
this region.

b. Reversing the coolant flow from cathode to anode rather than from
anode to cathode does not change the interference fringe pattern signifi-
cantly, and the same raw-beam divergence results for either direction of
flow. This indicates that the axial temperature gradient has a much
smaller effect on thermal distortion than the thermal gradient normal
to the coolant flow.

c. Coolant ports which enter the pump cavity parallel to the rod-
flashlamp plane (Fig. C.2-5) do not significantly improve the raw-beam
divergence from the resonator.

' 2 PLACES

FIG. C.2-5. Coolant Entrance Port Geometry, Parallel to

Flashlamp-Rod Plane.

d. At an input energy of 8.5 J, there is negligible thermal bire-
fringence in the laser rod.

e. The flashlamp proximity to the laser rod does not appreciably

affect the thermal distortion at the 10-pps rate in the present pump
cavity design.

f. An optical wedge effect in the flashlamp-rod plane was evident,
since the interference fringe travel direction was generally normal to

that plane.

g. A diffuse reflecting surface on the pump cavity walls is not
expected to improve the raw-beam divergence significantly at the 10-pps
rate in the present pump cavity design.
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h. With the use of doubly distilled water coolant, the resonator
does not require significant realignment when the repetition rate is
changed from 1 to 10 pps nor did the raw-beam divergence increase signif-
icantly by changing the repetition rate. Hence, the entrance port design
is not critical with water or other high-thermal-conductivity coolant
mixtures such as ethylene glycol/water.

i. The equilibrium operating temperature of the laser rod using
water coolant is much less than that using FC-104 in the same cooling
system (as expected).

J. The lasing threshold is lower for FC-104 than it is for water
(3.4 versus 3.8 J), and their slope efficiencies are equal. The lower
threshold for FC-104 is due to the increased absorption of water at
laser rod-pump wavelengths.

k. The energy output stability using FC-104 coolant is degraded
because of this thermal distortion in the laser rod. This was evident
when the coolant was switched to water. Hence, an improved coolant
flow in the pump cavity would improve the output stability of the
resonator.

1. Using water coolant, the energy output achievable is present
immediately unlike the case with FC-104 coolant where a thermal distor-
tion is relied upon to effectively optimize the alignment of the resona-
tor (see Appendix G-2).

m. FC-104 coolant is much easier to use than water coolant, espec-
ially from the fill standpoint.

n. Use of a deflection plate to redirect coolant flow toward the
hotter portion of the laser rod would be difficult to incorporate,
since the flashlamp occupies the central portion of the entrance channel
(see Fig. C.2-4).

o. Use of a second entrance port may appreciably reduce the thermal
gradient in the laser rod. Unfortunately, this is awkward to incorpo-
rate from the system design standpoint.

p. Placement of coolant ports near the flashlamp electrodes is
practical to the extent that the flashlamp is over an inch longer than
the laser rod. However, a new pump cavity design should be initiated
which emphasizes cooling the laser rod rather than the flashlamp elec-
trodes. Data are available to indicate that the flashlamps can safely
operate at temperatures in excess of 175'C.
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q. Coolant baffles within the pump cavity may reduce the thermal
misalignment of the resonator, but are not expected to improve the raw-
beam divergence figure significantly. (An improved pump cavity design
is in progress.)

NOTES:

1. The fringe count data as related to raw-beam divergence are not
exact, as the laser rod center is under compression and therefore
cannot change shape freely.

2. The interferometric analysis provided here has been used to test
the coolant flow characteristics of pump cavities using various
coolants, pump cavity shapes, and coolant flow rates.

3. The cylindrical pump cavity shape was so small in diameter (and
hence the rod and flashlamp were so near the walls) that coolant
did not flow readily around the rod.
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Appendix C-3

FERMAT'S PRINCIPLE APPLICATION TO A RAY
TRAJECTORY IN A LASER ROD DUE TO AN INDEX
OF REFRACTION GRADIENT

1. The steady-state operating temperature of a laser rod can be measured
by an interferometric technique. Due to the pump cavity shape and non-
uniform coolant flow, there may exist a thermal gradient from one side
of the laser rod to the other. This effect creates a length difference
and a refractive index gradient in the laser rod. This portion of
Appendix C examines the effect on an index gradient on the path of an
incident ray which is incident parallel to the laser rod axis. It is
shown that the index gradient causes the equivalent of a resonator
misalignment.

2. Fermat's principle states, physically, that light travels from one
point to another along that path taking the least amount of time; i.e.,
along the minimum optical path length. Hence, by applying Fermat's
principle to a ray traversing the laser rod of length 1, then the posi-
tion that the ray strikes the laser rod in the other coordinate should
be calculable. Fermat's principle states, mathematically, that if light
travels from one point to another along a path, that optical path length
is shorter than any other path length that can be drawn between these
two points regardless of how close to the actual path a second path has
been chosen. Fermat's principle is consistent with the basic equation
of the calculus of variations--namely, Euler-Lagrange's equation--and
is equivalent to it. This fact will be used to establish the ray
trajectory in the laser rod.

3. Consider the index gradient An one-dimensional and normal to the
laser rod axis. A ray incident parallel to the laser rod axis will
have an optical path length P - ns, where n is the index of refraction
and is a function only of the y coordinate (perpendicular to the la3er
rod axis); s is the arc length of the ray trajectory. But the arc
length s is given mathematically by

fb 1 f [ + (dy/dx)2]idx (1)

and the optical path length becomes

P b[no + An(y/2R)l + (dy/dx)2 ]dx b F(y,dy/dx)dx (2)
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where

n(y) n + An(y/2R)

The optical path length must be a minimum by Fermat's principle. Fermat's
principle agrees with the Euler-Lagrange equation which states that

aF/3y - d( F/Dy')/dx = 0 (3)

and since F(y,dy/dx) is not a function of x explicitly, then it can be
simplified to

F - y'(DF/3y') = C, a constant (4)

where y' dy/dx. Figure C.3-1 shows the ray-trajectory-problem geome-
try and the boundary conditions. The ray is everywhere normal to the
wavefront propagating through the laser rod and is grossly exaggerated
in deflection.

V

Y- 2R
n-n0+ An

-i.

(0,0) ,->P x="1

BOUNDARY CONDITIONS: (a) x 0, y 0 ;
(b) dy/dx - 0 at (0.0)

FIG. C.3-1. Ray Trajectory Geometry.
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4. Using Eq. 4, the steps in sequence follow:

n(y) (I + y,2)' - y'n(y)(1 + y2) y= C (5)

n(y)/C = (I + y,2P (6)

n2 (y)/C 2 = 1 + (dy/dx)2  (7)

f dx = f dy n2(y) - C2j14(8

Let z = n(y) n + An (y/2R) (9)
0

dz = (An/2R)dy = Nkdy (10)

x = CINk fdz/ 1z2 - C212 (11)

x - C/Nk log(z + A= 7 ) + C, (12)

where C and C' are both constants to be established by the boundary condi-
tions shown in Fig. C.3-1. The boundary conditions at x i y 0 implies
z = no and so

C' = -C/Nk log (no + Vn - C2 )  (13)

so that

xl IN~og z + AT T)-log n 0+ 0 TT1)] (14)

The differential of

dx - C/Nkdz/(Z2 - C2)" (15)

yields the requirement that C - no by the boundary condition of dy/dx = 0
at x - y - 0. So then finally, the equation

x =n0 N kilog (z + - log n 0J (16)

describes the (x,y) coordinates of the ray trajectory as it traverses the
laser rod. To find the deviation of the ray and its location at x - 1--
i.e., its y coordinate after traveling through the laser rod--it is

required that

U kn + log no log(z +/z2 - n) (17)
kn ° 0 + V7 0
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which will provide, when solved for y, the deviation of the ray upon
traversing the thermally distorted laser rod.

5. The value of Nk is-given by

N = 0.915 x 10- 6 N/2R = 1.44 x 10-6 N (18)
k

where again, N is the number of fringes observed (at the probe wavelength)
at the equilibrium operating laser rod temperature condition for the
interferometer. As an example to show the magnitude of the beam devia-
tion caused by the refractive index gradient (and to make the problem
solvable with 10 significant figures using log tables and a portable
HP computer), let the term

Nke/n = 4.35 x 10- 5 (19)

which would correspond to over five fringes of thermal distortion in the
laser rod. Then these steps follow, using the log tables and a desk
calculator:

0.0000435 + 0.2624510897 log(z + Z
2  n 0 (20)

2.2624946897 - 2.0000000 = log z + / z2  (21)

log(183.01842) - log(100)= log(l.8301842) (22)

(1.8301842 - z)2 = Z2 - n2; assume n = 1.83000000 (23)
0 0

z - 1.830000009 (24)

9 x 10- 9 = Nk y 1.05 x 10-Sy (25)

y- C8.65xi0- cm (26)

Hence a ray starting parallel to the laser rod axis exits the other end
of the laser rod, by including Snell's law of refraction at the surface,
at an angle e where

6 - n0Y/t = (1.83)(8.65)i0-4/7.63 = 0.2 mrad Z_41 arcsec (27)
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A larger fringe count was chosen here than is encountered in practice so
that the results were calculable with 10-place log tables. The result,
therefore, is that for every pass a photon (or ray) makes between the end
mirrors of the resonator, its path is being continually curved in one
direction until it leaves the resonator. This creates an effective
resonator misalignment (as does a physical length difference) due to the
thermal distortion in the laser rod. An alignment correction is then
required to negate its effect. The net result is that when the laser is
first turned on, it is slightly misaligned and so its output is initially
less than optimum.

NOTES:

1. The thermal misalignment of the resonator due to a transverse gradient
is calculated here. A radial gradient is shown to be superimposed
upon this gradient, as described in Appendix E-4.

2. A transverse index of refraction gradient is usually accompanied by
a length difference in optical path length. A physical length dif-
ference provides a thermal misalignment since the wavefront is devi-
ated as if a thin optical wedge were installed in the resonator. In
effect the resonator must be aligned to compensate for it.

3. Though not described here, the complex mode structure of the resonator
changes when the resonator is misaligned. This causes a shift in
energy distribution within the resonator as well as in the output
beam. Non-Q-switched beam uniformity is described in Appendix F-1.
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Appendix C-4

COOLANT FLOW RATE TESTS

1. This portion of Appendix C describes test procedures and test results
which measure raw-beam divergence and axial thermal gradient in the pump
cavity as a function of coolant flow rate and pulse repetition rate. The
purpose of these tests is to establish those thermal conditions and design
properties necessary in the pump cavity design to minimize its contribu-
tion to an increased raw-beam divergence and the thermal misalignment of
the resonator. The raw-beam divergence value was measured at a fixed
coolant flow rate of near 16 gal/hr and an 8-J/pulse input energy to an
in-line, end dump, non-Q-switched laser resonator. These results showed
that a resonator operating at a 10-Hz rate has a raw-beam divergence
about 0.7 mrad larger than if it were operating at a 1-Hz rate.

2. To establish the dependence of raw-beam divergence on coolant flow
rate, the rate was varied from 3 to over 20 gal/hr. (The PD-type coolant
pump provides a coolant flow rate of about 16 gal/hr.) The net result
at a 10-Hz repetition rate was that the raw-beam divergence changed only
a few tenths of a milliradian over the coolant flow rate range. The thermal
distortion of the laser rod in terms of fringe count changed very little
over the flow rate range as well. Together these results implied that the
axial thermal gradient in the pump cavity is not directly proportional to
the coolant mass flow rate. To test these implications, copper-constantan
thermocouple wires were placed in the coolant path near the inlet and outlet
ports of the pump cavity. The measured axial thermal gradient as a function
of the coolant flow rate is shown in Fig. C.4-1. In general, it shows that
increasing the coolant flow rate by even 50% from its present value of
16 gal/hr would provide only about 25% improvement in the axial thermal
gradient. The fact that the raw-beam divergence changed only a few tenths
of a milliradian (less than 10% of the total raw-beam divergence) while the
coolant flow rate was varied from 4 to 20 gal/hr (which varied the axial
thermal gradient by nearly a factor of two) strongly suggests that the raw-
beam divergence increase with repetition rate is dependent only upon the
flashlamp radiation it absorbs per unit time (or per second) and not
the axial thermal gradient.

3. The axial thermal gradient was then measured as a function of pulse
repetition rate (and so indirectly the input power) at two fixed coolant
flow rates. The results of this test are shown in Fig. C.4-2 for a cool-
ant flow rate of 3 and 16 gal/hr. These tests show that the axial thermal
gradient increases linearly with the pulse repetition rate (as does the
raw-beam divergence described earlier). The dependence of the maximum
axial thermal gradient on the input power should be linear as, in theory,

- 103



K TN 4051-2

20 . j

~;12-

.. N

I- * t
AXA TEMP GRDET ,.

FI. C.-.Axa hrmlGaieta

Q 
1 .8 M -C AT*~"

f pm

where

Q -input power to flashlamp, Btu/hr: 80 W = 272 Btu/hr
=E inF, the product of the input energy per pulse and

repetition rate
M f mass flow rate of coolant, lb/hr

C =specific heat of coolant, Btu/lb-*F
p

AT II-maximum possible axial thermal gradient, C
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FIG. C.4-2. Axial Thermal Gradient as a Function

of Repetition Rate.

This equation shows that the maximum axial thermal gradient is directly
proportional to the heat load and the pulse repetition rate and is
inversely proportional to the mass flow rate. The thermal transfer
coefficient K is a multiplicative factor included to the right side of
this equation when experimental axial thermal gradients are measured,
since the coolant does not remove all the pump power supplied to the
pump cavity. The factor K may be a function of the coolant flow rate
through the pump cavity, especially under laminar coolant flow condi-
tions. At a 16-gal/hr coolant flow rate and an 80-W heat load, the maxi-
mum axial thermal gradient possible is directly

AT = (272)5/9(16)8.33(109/61)(0.25) =2.53
0C (2)

1
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But, as shown in both figures, the actual axial thermal gradient was
about 2.05*C. So then K = 0.8, which means that about 20% of the heat
load is dissipated elsewhere and is not being conveyed by the coolant.

4. The effect of modifying the coolant flow pattern in the pump cavity
was then tested. At a flow rate of 16 gal/hr for a pulse repetition
rate of 10 Hz, the axial thermal gradient and the raw-beam divergence
were not improved by inserting a coolant baffle between the laser rod
and flashlamp. The raw-beam divergence as a function of pulse repetition
rate remained unchanged as well. The residual fringe count was unusually
large, which implied that the baffle plate was producing a stress on the
laser rod. But judging by the fringe motion during the flashlamp pumping,
the hottest portion of the laser rod was that nearest the flashlamp where
the coolant flow was restricted due to the baffle plate. The axial thermal
gradient should be reduced solely on the basis of its effect on the thermal
misalignment of the laser resonator, if for no other reason. The resona-
tor is not optimally aligned when first turned on and, as a result, the
output energy is degraded until the thermal distortion effectively aligns
the resonator. Coolant baffle design may solve this thermal distortion
problem even though it apparently provides little, if any, improvement
in the axial thermal gradient or the raw-beam divergence from the
resonator.

5. A samarium-doped glass insert was tested to establish whether or not
off-axis 1.06Vi absorption affects the raw-beam divergence figure. The
raw-beam divergence as a function of repetition rate remained unchanged
within the experimental error of the measurement (at the single flow rate
of 16 gal/hr). For purposes of comparison with earlier data, the raw-
beam divergence as a function of input energy was measured and was found
to be 0.16 mrad/J change. The prior result obtained was 0.2 mrad/J.

6. These FC-104 coolant flow rate tests indicate the likelihood that
little can be done to reduce the axial thermal gradient in the pump
cavity. The fact that the raw-beam divergence increase is relatively
unaffected by mass flow rate means that the optimum pump cavity design
should be established mainly by the pump uniformity and coupling effi-
ciency considerations.

7. Tests were then performed using EGw (ethylene glycol water) and water
as the laser coolants. The test results can be summarized as follows:

a. At a flow rate of 16 gal/hr and a 10-Hz pulse repetition rate,
both coolants (EGw and water) showed an axial thermal gradient of 0.90
+0.05*C (or, under similar conditions, only about half that gradient
measured with FC-104 coolant).

b. At a flow rate of 16 gal/hr and a 5-Hz pulse repetition rate,
the axial thermal gradient was about 0.475*C using EGW; and as with the

- FC-104 coolant, the axial thermal gradient is proportional to the pulse
repetition rate.
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c. The raw-beam divergence dependence with pulse repetition rate
for both coolants was near that using FC-104 coolant; namely, on the
average, 0.066 r:,ad/Hz. This means again that the axial thermal gradient,
though affecting the alignment of the resonator, has little effect on
the raw-beam divergence figure.

d. At a coolant flow rate of 5 gal/hr and a 10-11z pulse repetition
rate, the axial thermal gradient was 1.93*C, although the raw-beam diver-
gence changed only slightly as with the FC-104 tests.

e. Use of a higher ultraviolet cutoff flashlamp envelope (Heliosil
versus Germasil) showed no improvement in raw-beam divergence value.
It becomes increasingly evident that only the absorbed flashlamp radia-
tion (and perhaps its distribution) in the laser rod creates the raw-
beam divergence dependence on input power level.

8. A new pump cavity design will now proceed with design emphasis on
uniform, high-efficiency pumping of the laser rod. Provisions for the
optional use of a baffle plate are being planned. This baffle plate
may serve several purposes including improved coolant flow pattern,
1.06V absorption and/or reduce the absorption of useless flashlamp radia-
tion by the laser rod. YAG, the host material, absorbs essentially all
flashlamp radiation below about 3000A (with some variations due to
impurity doping levels) which creates avoidable internal heating. Pres-
ently under study are new coolants and coolant additives (chromogens)
which absorb and, in some cases, reradiate absorbed flashlamp radia-
tion at more useful wavelengths to the laser rod. Supporting studies
on the predicted radial thermal gradient for water and FC-104 coolants,
the effects of color center formation due to the UV absorption by the
YAG, and a reinterpretation of thermal distortion are planned or are
in progress at this time.

NOTES:

1. The interferometric observations made used the test apparatus shown
in Appendix C-2.

2. The quartz baffle plate used for the flow pattern improvement tests
was placed axially between the flashlamp and the laser rod within
the pump cavity. It was configured with projections and holes to
direct coolant flow along the laser rod predominantly.

3. The samarium insert was configured as an 0.5-mm-thickness cylindrical
sleeve which fit into the cylindrical pump cavity. Its primary pur-
pose in use is to reduce the off-axis 1.06V transmission and prevent
lateral depumping of the laser rod. The fluorocarbon, FC-104, is
essentially transparent at 1.06p, unlike an ethylene glycol/water
mixture.
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4. The use of a higher ultraviolet cutoff envelope for the flashlamp
did not improve the beam divergence figure noticeably mainly because
of cavity wall reflectance and poor quantum efficiency in the pump
bands around 3500 R. (See Appendix C-6.)
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Appendix C-5

RADIAL THERMAL GRADIENT IN THE LASER ROD

1. The purpose of this portion of Appendix C is to show calculations
made to determine the radial thermal gradient in the laser rod for a
simplified laser rod cooling geometry. Data are also provided on the
surface heat-transfer coefficient for the laser rod, the predicted axial
thermal gradient and its agreement with experimental results, and the
transverse coolant temperature gradient. The thermal properties of a
particular continuously pumped continuous wave (CW) Nd:YAG laser pump
cavity are described in APPLIED OPTICS, Vol. 9 (1970), p. 1429, and
show that:

a. The radial thermal gradient between the laser rod center and
its edge is given by

ATr = Pabs/4KrL

where

P abs ' power absorbed in laser rod

K - thermal conductivity of the rod
• r

L - length of rod

Note the equation is independent of coolant properties, so the same radial
thermal gradient is expected for water and FC-104.

b. The axial thermal gradient for uniform coolant flow is given by
the equation

AT = P /mfC
C in f p

where

Pin = input power to the flashlamp

mf W coolant mass flow rate

C = specific heat of coolant used
p
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c. The difference between the average laser rod temperature and the
average coolant temperature is given by

AT = P /hA
g abs

where h is the laser rod surface heat-transfer coefficient and A is the
surface area of the laser rod. The parameter h is a complex function of
the cooling geometry and will be calculated here for both FC-104 and
water coolant.

The calculation for the radial thermal gradient will serve to show, to-
gether with past experimental results, the contribution of pump cavity
thermal properties to the resonator raw-beam divergence.

2. On page 111, tabulations are given for the needed physical properties
of the laser rod, the coolant, and the cooling geometry chosen to make
the thermal gradient calculations. They also show the formulas used in
the calculatioas which follow. In summary, it can be said that:

a. Since mfCp for FC-104 and water differ by about a factor of two,
the axial thermal gradient should also differ by this amount. The axial
thermal gradients were measured for FC-104 and water and were 2.05C and
0.90*C, respectively, for an 8-J pump level at a 10-Hz rate.

b. The cooling annulus geometry was chosen so that the mass flow
rate was roughly equivalent to that of our present cooling system. The
low Reynolds number for both FC-104 and water makes it evident that the
coolant flow is extremely laminar and the use of a baffle in the pump
cavity can do little to increase the Reynolds number (to make the coolant
flow more turbulent). Baffles may, however, improve the uniformity of
the coolant flow.

c. Since the surface heat-transfer coefficient for water is about
3.5 times larger than it is for FC-104, the transverse thermal gradient
in the coolant is about this factor larger for FC-104 as compared to
water. This contributes to the thermal distortion problem encountered
with the use of FC-104 coolant.

d. The radial temperature gradient in the laser rod is independent
of the coolant used and is approximately 0.45*C for an 8-J input at a
1O-Hz rate. Hence, if the thermal distortion and the passive residual
distortion of the laser rod are neglected, the center of the laser has
a path length of two-thirds of a wavelength longer than the edge of the
laser rod. The temperature distribution from center to edge is parabolic.

3. Remaining tasks are to calculate the predicted effect on raw-beam
divergence due to this optical path length difference in the presence
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of thermal distortion and to compare this figure with related experimental
results obtained in the past. An interpretation of a thermal focusing
effect in the presence of thermal distortion is shown in Appendix E-4 to be
consistent with the past raw-beam divergence data using various end-mirror
curvatures, input energy levels, and pulse repetition rates.

PUMP-CAVITY PROPERTIES

Laser Rod:

K (thermal conductivity) = 26.5 (10)-3cal/sec-cm-*Cr

Coolants:

Water FC-104

K (thermal conductivity in cal/sec-cm-*C) 1.36(10) 3  2.18(10) -
4

C

p (viscosity in g/cm-sec) 10- 2 2.65(10) - 2

C (specific heat in cal/g-*C) 1.0 0.26
p

y (volumetric expansion coefficient in *C-.) 0.64(10- 4  N/A

p (density in g/cm 3) 1.0 1.725

Pump Geometry:

Assume Pabs = 6% of input power in cal/sec.

Require that the flow rate be 15 cm3/sec and that the coolant be
exchanged every second around the laser rod (as is roughly the case now).
Then the coolant volume around the laser rod must be 15 cm . Form an
annulus around the laser rod as shown below

4.COOLANT FLOW

0 2 DR LASER RODii 1 !*...._. COOLANT FLOW

and require that

VF I 0.786(D2 - D2)L - 15

which yields that D2 = 17.1 nm. Note that mf(water) - 15 g/sec and
mf(FC-104) - 28 g/sec.
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Thermal Properties Calculations:

1. G (mass flow rate per unit area of flow) = 4 m/Tr(D - D2)

= 0.508 mf

G (water) = 7.62 g/sec-cm
2

G (FC-104) = 14.2 g/sec-cm
2

Note that m fCp = 15 (water) and 7 (FC-104).

2. NRe (Reynolds number) = (D2 - DR)G/11

NRe (water) = 819

NRe (FC-104)= 576

For laminar flow, the Reynolds number should lie between 900 and 2,000.

3. NPr (Prandtl number) = C pP/Kc

N Pr (water) - 7.35

Npr (FC-104) = 31.6

4. NGr (Grashof number) (D2 - DR)3,2gy(AT c)/12 where g is the

gravity constant. It has a minor effect on the parameter h as shown
below and is not needed in the calculation for h which follows.

5. h (surface heat-transfer coefficient for laminar flow):

h-.0 2 KNRe' 5 Npr SNGr'S (D2 - DR)/L] (D2 /DR) ., (D2 - DR)-1

= 0.072 cal/cm2 - sec - *C for water

- 0.0205 cal/cm 2 
- sec - *C for FC-104

6. The radial thermal gradient AT = P abs/4KL = 0.45C regardless
of the coolant type used. r

7. The optical path length through the laser rod is different from

the edge to the center and is given by the equation

AP - Ina + (An/AT)jZAT(C) = 0.65 X

" where n - 1.83 (the refractive index of the laser rod), a - 6.9(10)-S°C -

- (the linear expansion coefficient of the rod), t is the laser rod length,
and An/AT = 7.3(I0°C-1 (the refractive index rate of change with the
laser rod temperature).

' lt2~
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NOTES:

1. The radial thermal gradient will be shown to be the cause of the
increased raw-beam divergence with input pump power. The trans-
verse thermal gradient due to the nonuniform coolant flow in the
pump cavity, though present, is neglected here (see Appendix E-4).

* 2. The calculations (page 112, paragraph 7), are not exact as shown
in Appendix R-4.
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!
Appendix C-6

EFFECTS OF ULTRAVIOLET ABSORPTION

1. It can be shown that the radial thermal gradient, which occurs simul-
taneously with thermal distortion due to nonuniform cooling, produces a
thermal focusing effect which increases the resonator raw-beam divergence
with input pump power (or pulse repetition rate). This internal heating
that the laser rod must dissipate is due to two sources: (1) YAG host
absorption in the ultraviolet (UV), and (2) dopant impurity absorption

Iin the visible and near infrared region. The dopant impurity absorption,
namely by the Nd+ 3 ion, is of course necessary to get the population
inversion in the laser rod. The UV absorption of YAG increases rapidly
below 2900k (absorbance greater than 0.1 cm- 1 ) and is thought due, in
some part, to undesirable impurities accepted by the melt during the
Czochralski growth process. These impurities are also thought to produce
color centers which cause the laser rod to absorb more strongly in the
UV and low visible wavelengths after the laser rod has encountered pro-
longed exposure to UV flashlamp radiation. (An in-house laser rod which
has been used extensively during the past two years has developed this
absorption characteristic.) Although the neodymium ion absorption is
necessary, localized heating is produced in the laser rod due to non-
radiative transitions resulting from this absorption. Results of tests
which establish the contribution of UV absorption to the resonator raw-
beam divergence figure are provided here.

2. An organic liquid, dimethyl phthalate (DM1), was used as the laser cool-
ant to absorb essentially all the flashlamp radiation below 31001. It
should be remembered that the flashlamp radiates roughly as a 7000*K
blackbody Sat a 12-J input level) and so about 10% of its output lies
below 3100A wavelength. DMP does not interact with silver, aluminum,
or Viton 0-rings but does interact slightly with polyethylene tubing.
Hence DMP is an excellent laser coolant to use to determine the effect
of UV absorption on the raw-beam divergence. This coolant has a higher
index of refraction, thermal conductivity, boiling point, viscosity,
and heat of vaporization than FC-104 coolant. (DMP is also being used
as a solvent for dyes which selectively absorb and reradiate flashlamp
radiation. These dyes are being tested to determine whether or not
improved pumping efficiency can be achieved by using dyes which reradiate
in the absorption bands of the neodymium ion. Test results using this
technique for improved pumping efficiency will be the subject of a later
memorandum.)

3. Figure C.6-1 shows the raw-beam divergence data for the two pulse
repetition rates of 1 and 10 Hz. The data indicate that the raw-beam
divergence increases at the rate of 0.056 mrad/H1z$ namely, within 25%

- of the value using FC-104 (0.075 mrad/Hz) or EGw (0.066 mrad/Hz) coolants.
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: These data also imply that little can be done in the pump cavity design
to reduce the raw-beam divergence increase with input pump power (or
pulse repetition rate) since it appears that the internal heating effect
is due mainly to nonradiative transitions produced by dopant impurity

'! absorpt ion.
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NOTES:

1. The effects of IJV absorption and its indication of laser coolant
degradation are described in Appendix G-I.-

2. These results show that little UV radiation is absorbed by the
laser rod. However, on the basis of increased coolant life and
operating efficiency, higher wavelength cutoff flashlamps are of
interest.

3. The DMP coolant had particular dyes which absorbed the low visible
flashlamp pump radiation and reradiated at higher wavelengths.
The operating efficiency was enhanced by 25% for a short time, after
which the DMP was polymerizing and so changing physical properties--
in part, absorption characteristics.

4. The UV absorption by the coolant is desirable from the heat-transfer
-* standpoint and because it reduces the silver coating absorption of UV

radiation as well.

5. Other organic solvents are to be tested with dyes.
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Appendix C-7

PUMI' CAVITY INSERT PERFORMANCE COMPARISON

1. The need for a pump cavity insert has evolved from the requirement
for insulating the pump cavity due to parallel triggering of the flash-
lamp. The glass epoxy pump cavity insulates the high-voltage flashlamp
trigger pulse (typically 10-kV peak amplitude) from the T-beam resonator.
Over the past several weeks, the author has tested several combinations
of insert material (quartz and samarium glass) coated with evaporated
metal films (gold and silver) as well as a diffusing paint (Eastman
white reflectance paint). The performance of these pump cavity inserts
was compared (each time data were taken) to the conventional electro-
plated, silvered cylindrical pump cavity made by the PD contractor.

2. Figure C.7-1 shows the relative energy output versus input pump level
for the pump cavity inserts tested. All data were taken with FC-104 cool-
ant, a 70% end-dump mirror, a 100% 10-meter radius of curvat re end mirror,
and a krypton-filled flashlamp fired at 10 pps. Output energy was mea-
sured over the input energy range of 6.5 to 10 J, although the individual
data points are not shown. From the results given in Fig. C.7-1 and
supporting experimental data, it is evident that:

a. The silvered quartz (second surface) insert is nearly 20% more
efficient than the conventional electroplated pump cavity. (Admittedly,
the latter pump cavity has been used extensively and polished many times.)
Further testing of the silvered glass insert (quartz or samarium) has
indicated that the evaporated, vacuum-deposited silver does not adhere
well, especially after exposure to the thermal effects produced by the
flashlamp. Even though a protective coating is applied over the silver
(evaporated aluminum, then a sealant cement), the heating produced by
the close proximity of the flashlamp causes the silver to lift from the
insert. As a result the pump-cavity performance degrades quite rapidly.
Unless a more adherent coating technique is found, it seems probable
that this approach to a pump-cavity design (to ensure long-term perfor-
mance) is unacceptable.

b. Both an uncoated-quartz and a samarium insert were tested in the
cylindrical pump cavity. Neither insert degraded the efficiency signif-
icantly. However, the output efficiency was reduced by about 10% when
the samarium glass insert was silvered. The quality of the surface of
the samarium glass was not good; hence the silver coating was also infer-
ior to that possible on the quartz insert. The coating quality was also
evident by viewing the inner surface of the insert and comparing it to
that of the silvered-quartz insert.
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c. The efficiency of an evaporited gold surface is the same as that
for Eastman white reflectance paint on a quartz insert. When tested
several days later, the latter pump cavity was about 12% less efficient
due to surface degradation by the coolant. The output beam was very
uniform with the diffusing paint insert but no quantitative measurements

were made. If power-density damage problems are increased on the modu-
lator due to the smaller coupling geometry (it presently seems probable),
then the diffusing pump cavity approach may warrant further study and
consideration. Quantitative measurements on output beam uniformity are
being planned by the author.

d. For comparison purposes, an uncoated, samarium glass insert was
put into an electroplated gold cavity (from the PD contractor). The
krypton flashlamp has much of its useful output in the near infrared,
and the gold coating reflects rather poorly there when compared to the

silver coating.

3. Though not shown in the data, an electroplated (silvered) insert has
an efficiency as good as the silvered quartz insert as evidenced by tests
on the T-beam resonator. Since the vacuum-deposited silver does not per-
form well over an extended period of time, the electroplated insert seems
the most attractive alternative at this time. From the pumping uniformity
standpoint, this insert is worse than the conventional cylindrical pump
cavity due to its smaller size. Hence further study on improved pump
cavity reflectors is needed and should be stressed.

NOTES:

1. The inserts were in the form of 0.5-mm thick, cylindrical annuli
which fit snugly into the glass epoxy head and around the laser rod
and flashlamp.

2. The vacuum-deposited silver coating and other coatings on glass
inserts were deposited on the outer surface. These inserts were
tested to see whether a second surface insert could be used where
the coating was not contacting the coolant used.

3. The vacuum-deposited coatings lift off the quartz insert due to
differences in thermal expansion coefficient and because of its high
absorption coefficient of flashlamp UV radiation.

4. The Eastman white reflectance paint, #6080, was painted directly on
the insert outer surface. It has nearly perfect diffuse reflecting
properties with a generally higher reflectance than that of magne-
sium oxide.

5. By protecting the diffusely reflecting paint from contact with the
coolant, the paint maintains its original reflectance very well and

does not rapidly degrade due to UV radiation alone.
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6. The surface on the samarium insert was not particularly good quality
due to the thickness of the glass, and was difficult to polish as a
result.

7. The electroplated cylindrical insert is presently in use in the
in-house lasers.

8. Increased emphasis is planned on improving the surface quality of
the pump cavity reflector.
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Appendix D

Q-SWITCHING OF LITHIUM NIOBATE MODULATOR
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Appendix D-1

BREADBOARD Q-SWITCII CIRCUITRY

1. Considerable emphasis was needed to develop a reliable and flexible
modulator drive circuit. The circuit shown in Fig. D.1-1 was finally
adopted. The grounded cathode and the use of a sonic bias on a separate
electrode were felt to be improvements over the present PD approach.
Although not shown on the schematic, multiple-set series resistors were
used in the high-voltage portion; otherwise, breakdown occurred causing
excessive current flow from the modulator high-voltage supply. Tests
using this circuitry (on a particular resonator) yielded the following
results:

a. The original TVR concept of switching the modulator voltage less
than the quarter-wave voltage produces the multiple pulsing; i.e., any
negative sonic bias causes multiple-pulsing of the laser output.

b. Use of an optimum sonic bias and modulator bias voltage increases
the output energy by approximately 10% over the case where no sonic bias
and a modulator voltage slightly larger than the holdoff voltage is used.

c. The optimum modulator voltage was the quarter-wave voltage
(4,100 V) with a sonic bias of +800 V. (Note: It should be established
whether or not the PD output can be increased in a similar manner.)

d. The holdoff voltage (modulator high-voltage required to prevent
prelasing) is approximately 3,300 V. Hence, the use of a modulator
voltage near 3,300 V suggests no sonic bias is required for optimum out-
put for that modulator bias high-voltage level. yt ;,

e. The holdoff voltage is, of course, dependent upon the extinction
ratio of the modulator. The extinction ratio of the damaged lithium
niobate modulator used was measured (between parallel polarizers in the
component test station to be described in a separate memorandum) as
37:1. This then implies that a modulator extinction ratio of about 10:1
is adequate to prevent prelasing.

f. The fall time of the modulator high voltage was very fast. How-
ever, the voltage oscillated for nearly the pulse build-up time (about
100 nsec). The damped oscillatory behavior of the modulator voltage after
Q-switching is consistent with the theory if a stray inductance of 0.5 UH
is introduced.

1
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NOTES:

1. The test results described were of a preliminary nature and applicable
to a particular case rather than in general.

2. The terminology "sonic bias" is simply a bias of the same polarity as
that of the holdoff voltage but applied to the opposite elect'ode.
The net result is that when the holdoff voltage is removed (at instant
of Q-switching), the bias across the modulator becomes that of the
sonic bias. The word sonic evolved from the piezoelectric properties
of the lithium niobate modulator.

3. The Q-switching circuitry allows the use of independent voltage
adjustment of holdoff voltage and sonic bias voltage. This capa-
bility is important for those tests which attempt to optimize the
Q-switching performance.

4. By the circuitry of Fig. D.1-1, it is apparent that the holdoff
voltage is the difference between the modulator bias voltage and

the sonic bias voltage.

124



TN 4051-2

Appendix D-2

Q-SWITCIIING RATE REQUIREMENTS

1. It is published in the open literature that for optimum efficiency,
the Q of the resonator must be decreased to its maximum value within a
time less than the laser pulse -bulld-up time. Recent data (PROC IEEE,
Vol. 57 (1971), p. 1126) indicate that even longer modulator voltage-
pulse fall times are acceptable.

2. Tests were conducted to measure laser output as a function of modu-
lator voltage fall time with respect to laser pulse build-up time (for
the case considered, about 110 nsec). The results are shown in Fig. D.2-1.
The subject is discussed further in Appendix D-3.

w PULSE
z OUJTPUT1 POSITION

0

13.6-INCH RESONATOR

C- 14.8 pF
L 30 pH

Ein .7.8 J
DELAY- 95 pSEC

0.51. .... -

0 100 200 300
MODULATOR VOLTAGE FALL TIME, JSEC

FIG. D.2-1. Energy Output Versus Modulator Voltage Fall Time.
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3. The 20-ohm resistor in the circuit diagram shown in Fig. D.l-1,

Appendix D-1, was changed to vary the modulator voltage fall time.

NOTES:

1. The in-house lasers use an SCR-transformer combination to drive the
modulator. For a modulator with a quarter-wave voltage near 1,500 V
(25-mm-length modulator), the transformer output pulse amplitude is
generally near 2,200 V for optimum Q-switch performance.

2. The Q-switch electronics used for the tests described here were those
discussed in Appendix D-1.

3. It has been found necessary to optimize Q-switching performance for
each assembled T-beam by varying the modulator trigger-pulse delay
(with respect to the flashlamp trigger pulse) and modulator voltage
pulse amplitude during active testing.

I
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Appendix D-3

Q-SWITCHING IN TIlE T-BEAM

1. Previously, it was stated that the resonator output energy could be

increased by using a modulator voltage near the quarter-wave voltage
(about 4,100 V) and a +800-V sonic bias. It was also found that the
optimum sonic-bias voltage increased as the modulator voltage increased.
Conceptually, this behavior is explainable if the transmission of the
modulator does not obey the sin 2(rV/2Vo) dependence. This has been
shown to be the case experimentally. The reprint presented in this por-
tion of Appenaix D (pp. 133-134) describes experimental tests conducted to
essentially bias-out the switch loss at tD2 (110 nsec on the T-beam).
Since the switch loss (without a sonic bias) is a function of cell quality,
pulse build-up time, pump energy, and perhaps even the electrode quality,
the design approach will be to vary the sonic bias (with the quarter-wave
voltage at the modulator) for the optimum Q-switched output from the
resonator.

2. A time-dependent strain birefringence in the modulator causes a
reduction in lasing efficiency unless a sonic bias is applied to null
this effect. The sonic bias, in effect, drives the voltage across the
modulator at Q-switching in such a way that the losses in the resonator
at the time the pulse exits the resonator are minimal. This generally
complicates the electronics requirements for driving the modulator and
constitutes an additional variable for efficient Q-switching operation.
This strain birefringence effect also increases the likelihood of
double-pulsing and multiple-pulsing. (Double-pulsing is here defined
as the emission of two or more pulses within a 100-nsec time interval,
one pulse of which is the primary output pulse; multiple- (or after-)
pulsing is defined as any output pulse regardless of amplitude or pulse
width occurring more than 100 nsec after the primary output pulse). The
Q-switching properties of the T-beam resonator were tested using the
modulator drive circuit given in Appendix D-l. The variables considered
in this investigation are shown in Fig. D.3-1 and are identified below:

a. V : A modulator DC voltage prior to the modulator trigger
pc pulse. The actual voltage across the modulator prior

to t( pct) is V - VSB since positive polarity voltages

are applied to both modulator electrodes. At the time
t(pct ), the V voltage is reduced to zero in a time

interval of tF.

b. VSB: The sonic bias voltage used to compensate the strain-
birefringent property of the modulator; the voltage
across the modulator when V goes to zero at t( pct).
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FIG. D.3-1. Q-Switch Rate Parameters.
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c. tF: The fall time of the Vpc voltage. It was varied from
10 to 250 nsec by making a resistor change in the
modulator drive circuitry.

d. tD: The build-up time of the laser pulse--about 120 nsec.

e. tL: The primary laser output pulse width at half-maximum
signal amplitude.

f. t(pc): The time delay from the flashlamp trigger pulse to
pet the modulator trigger pulse, typically about 125 .sec.

Figure D.3-1 also shows the flashlamp current pulse (the light output
intensity from the flashlamp is proportional to this current and lags
it slightly), the population inversion in the laser rod (equivalent to
stored energy), the time dependence of straight lasing if it were to
occur, the modulator trigger pulse location with respect to this popula-
tion inversion, and the optimum time of t(opct). The optimum t(Opct)
corresponds to the instant of maximum population inversion. If t(Opct)
is made appreciably shorter than the optimum delay, sufficient stored
energy may remain available in the laser rod to cause secondary pulses.
If t(Opct) is made appreciably longer than the optimum value, the stored
energy is less (due to its lifetime as an excited-state population); and
the net possible output energy again is less. The time scale is roughly
proportional up to time t(4 pct) and is about 5 psec/div after time
t(Opct), the scale is about 10 nsec/div. The ratio of the amplitude of
the straight lasing signal to the Q-switched signal is about 10 mV:2V
or about 200:1.

3. It is reported in the open literature that as the Q-switch rate
decreases (as tF increases experimentally), the Q-switch output pulse
width increases and finally for tF,appreciably greater than t, after-
pulsing occurs. It is also known that the Q-switch efficiency is high
(non-Q-switched to Q-switched energy is nearly the same) as long as the
Q of the resonator changes to its maximum value before the laser pulse
build-up time, tD, has elapsed. The particulars of the Q-switch loss
function (i.e., how the Q is changed to its maximum level) are not of
importance; but only low loss in the time interval tD to tD + tL is
important. This is due to the fact that little energy is lost from the
inverted population (stored energy) until after time tD has passed. In
terms of the variables described in the previous paragraph, the follow-
ing experimental results were observed:

a. Early tests on the T-beam using the PADS electronics breadboard
showed tF = 200 nsec and tL - 40 nsec. A faster trigger transformer
was then tested having a tF - 90 nsec which provided a 20-nsec output
pulse width.
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b. As tF increases, the optimum amplitude of VSB increases as well.
This is consistent with the fact that the Q change that provides the
lowest loss (highest Q) at time tD will provide the most output energy.

c. For a fixed VSB in the 500- to 800-V range, there is an allowable
voltage range for Vpc. If Vpc becomes too small (Vpc - VSB much less than
the quarter-wave voltage of the modulator), the laser goes to straight
lasing due to inadequate holdoff. If the difference becomes too large,
double-pulsing and/or after-pulsing occurs, depending upon the delay time
t(opct). This allowed voltage interval for Vpc for fixed VSB increases
as t(opct) increases, as VSB increases and as tF decreases. Generally
Vpc can be within 100 V of the condition that Vpc - VSB = 1,500 V, the
modulator quarter-wave voltage.

d. As Vpc is increased over the allowed voltage range, the output
pulse width gets narrower, typically changing by a factor of two over
the allowed voltage range. Beyond the upper allowable voltage limit of
Vpc , a double-pulse of 40-nsec width is produced.

e. At t(4pct), around 110 Psec and tF much less than tD, a VSB less
than 400 V will not prevent after-pulsing. If tF and tD are roughly
equal, after-pulsing will always occur for all values of Vpc and VSB.

f. The Vpc - VSB difference required to prevent straight lasing is
9 near 1,400 V. This voltage in the PADS is anticipated to be about 1,450 V.

If straight lasing occurs, this voltage difference must be increased.

g. The most reliable means of eliminating after-pulsing is to increase
the time of t(Opct).

h. When first turned on, the T-beam resonator starts out with straight
lasing with a Q-switched pulse of reduced amplitude and incr:ased width,
typically, about 40 nsec. As the output energy increases due to the
thermal alignment in the pump cavity, the pulse width reduces to near
20 nsec and straight lasing ceases. (This condition is also true in the
LWL unit.)

i. If t(Opct) is increased beyond about 135 psec, only a single
Q-switched pulse and straight lasing can occur regardless of the voltages
Vpc and VSB. The inverted population is not increasing after this time
delay, and stored energy is not availabl. for secondary pulses.

J. The most reliable means of removing double-pulsing is to reduce
Vpc slightly (assuming that straight lasing is not occurring).

k. The after-pulsing may occur many microseconds after the primary
pulse. This after-pulsing has a typical amplitude of 25:1 relative to
the main pulse and may be as large as 200 nsec wide. An example of
straight lasing and Q-switching with after-pulsing is shown in Fig. D.3-2.

Also included in that figure is a refresentative Q-switched output per-
imposed on the modulator voltage fall time tF.

130

I



____ ___ ___ ___ ___ ___ ____ ___ ___ ___ ___ ___TN 4051-2

STRAIGHT LASING -b.

!~''~'~ ~ DELAYED SWEEP WITH EXTERNAL
tA TRIGGERING 5 mV/DIVat 5 pSECDIV

I STRAIGHT LASING WITH Q-SWITCHING
~ ~ ~4ILSIMULTANEOUSLY

fmm . ... ..

AFTER-PULSING

PRIMARY OUTPUT PULSE
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FIG. D.3-2. Q-Switching Behavior.
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1. The Q-switched burn pattern provides an excellent means for

determining whether straight lasing is occurring (together with the

Q-switched pulse). The upper burn pattern in Fig. D.3-2 occurs when

straight lasing does not occur. By a very slight reduction in Vpc to

allow straight lasing, the lower burn pattern can be made to occur.

Details of the individual tests are available from the author. It should

be noted that the PADS modulator drive circuit uses an SCR-transformer,

rather than krytrons. The latter, however, allows direct variation of

tF, tD, Vpc, VSB and allows prediction of the operating characteristics

of the former type of drive circuit.

NOTES:

1. The modulator drive characteristics vary somewhat from cell to cell

because the extinction rates vary as does the insertion loss. As a
result, the holdoff voltage (Vpc - VSB) is lower for the better

modulators.

2. Straight lasing is prelasing in terms of Q-switched operation. It

is also called threshold lasing or normal pulsed lasing.

3. It is possible that prelasing and after-pulsing can occur simultane-

ously. The former is usually corrected by increasing the holdoff

voltage, the latter by increasing the modulator trigger time delay

or varying the sonic bias level.

4. With some reduction in laser efficiency, a pulse width of more than

30 nsec can be provided as output. This is about twice the pulse
width of the normal case.

5. These tests were performed with a slightly damaged lithium niobate

modulator. Subsequent tests have shown that prelasing may be a

major cause of damage on the lithium niobate Q-switch modulator.

Prelasing, if it occurs, allows a pulse buildup from a "seed"

pulse, rather than from noise in a small region of the laser rod.
This small region of the laser rod will have higher gain and lower

order mode structure than the primary Q-switched pulse. Inadequate

holdoff is the primary cause of prelasing.

4
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I Appendix F

RESONATOR OUTPUT PROPERTIES
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Appendix E-I

MULTIPLE-BEAM OUTPUT FROM T-BEAM

1. Secondary output beams from the resonator could contain sufficient
energy which may cause false signal returns in field usage. Hence, it
is important to measure the energy content of the secondary output beams
that are present, establish their source and cause and, if possible,
remove them as resonator output. The purpose of this portion of Appen-
dix E is to interpret these secondary output beams in the T-beam resona-
tor and provide guidelines to prevent their reoccurrence.

2. When the PADS resonator was in preparation, the author observed five
secondary output beam spots. The energy content in these secondary beams
was 0.26, 0.76, 0.75, 0.62, and 0.93% of the primary resonator output.
The present quarter-wave plate has a high insertion loss (due to surface
reflectance). It became evident during tests that three of the secondary
output beams were due to the quarter-wave plate and had a t. tal energy
content of 2.31% of the primary output beam. By misaligning the surface
reflection from the quarter-wave plate relative to the resonator axis,
these three secondary beams were eliminated.

V2 3. A fourth secondary beam (of 0.26% energy content) was found due to
the calcite prism surface reflectance. Since this secondary beam does
not exit the resonator by means of the dump mirror, it will not be seen
as output energy unlike the other secondary beams observed.

4. The fifth secondary beam was due to vignetting of the resonator axis
by the dump mirror. As a result, the dump mirror was moved outward
slightly for clearance, and so the final secondary beam was eliminated
as resonator output. The fact that no secondary beam was evident from
the end fold or dump mirror suggests high reflectance for all of these
optical components.

5. Since the quality of the LWL and present PADS quarter-wave plate are
similar, it seems highly probable that the secondary beam observed from
the LWL resonator can be removed by canting the quarter-wave plate slightly
relative to the resonator axis.
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- Appendix E-2

T-BEAM OUTPUT ENERGY WITH TEMPERATURE

1. The T-beam resonator has been thermally tested from 0 to 1200 F. The
tests were arranged so that performance degradation over the temperature
range could be attributed to the pump cavity or the T-beam itself. Out-
put energy and pulse-to-pulse amplitude stability were the output vari-
ables measured. The purpose of this memorandum is to describe the tests
and their results.

2. The T-beam was mounted in a temperature-controlled oven. The cooling
system (using FC-104 coolant) and the flashlamp drive circuitry were out-
side the oven. The non-Q-switched resonator was operated at 10-11z rate
with an input energy of 8 J/pulse. A single mounting bolt was used to
hold the T-beam which was placed so that its output went through a conve-

* niently available aperture in the oven wall to an EG&G radiometer. The use
of a single-mounting point ensures that no thermal stresses were induced
into the T-beam because of the mounting structure itself. Copper-constantan
thermocouple wires and a thermocouple chart recorder were used to record
temperature and temperature changes at critical points. Thermocouple wires
were placed in the coolant lines to record the temperature gradient in the

V, laser head.

3. The results of the temperature tests can be summarized as follows:

a. Regardless of the operating temperature used, the temperature
gradient in the pump cavity is approximately 3.5*F.

b. At increased temperatures up to 120*F, the energy output degrada-
tion is less than 5% and the pulse-to-pulse amplitude stability variation
is only 5.5% as compared to 4% at room temperature. The T-beam resonator
was tuned for optimum efficiency at room temperature.

4c. At temperatures below room temperature down to 00F, the output
energy and pulse-to-pulse amplitude stability degradation is approximately
4% per 15*F temperature change.

d. The laser rod coolant-seal leaked at low temperatures but the
starting temperature is not known. As a result, as little at 50% of the

4 output energy degradation noted above may be due to thermal misalignment
of the T-beam itself. (This is explained by the fact that, upon returning
to ambient temperature from 00 F, the output energy increased only 10%
because of coolant contamination of an end face of the laser rod.)

e. The pulse-to-pulse amplitude stability variation with temperature
is more a characteristic of the pump cavity design and the coolant used
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than of the T-beam structural performance. For example, at elevated
temperatures, FC-104 is one-tenth as efficient as EGw as a coolant for
heat removal from the pump cavity. The net result is that the tempera-
ture gradient would be appreciably lower in the pump cavity if EGW cool-
ant were used. Unfortunately, time did not pcrmit tests using alternate
coolants or coupling geometries.

f. Design effort is needed to correct the coolant leak problem
(which was present with the PD at low temperatures as well).

4. In summary then, the T-beam by itself has excellent thermal stability.
The thermal stability of an integrated T-beam resonator is, of course,
strongly dependent on the thermal behavior of the electro-optical and
mechanical interface as well. Output energy degradation and pulse-to-
pulse amplitude stability degradation with temperature in excess of
those established above must be attributed to these interface thermal
characteristics.

NOTES:

1. The T-beam was mounted by a single bolt to an insulator. The T-beam
ends were free to move and the mounting point was near the T-beam
center.

2. The coolant leak problem is associated with the laser rod O-ring seal
which is presently designed so that it supplies the coolant seal
at two surfaces rather than only one as is customary.

3. The T-beam resonator used one flat end mirror and one 10-meter
(radius of curvature) end mirror. On the basis of the output degrada-
tion with temperature and the mirror misalignment sensitivity of
Appendix A-5, it is apparent that the resonator was misaligned approxi-
mately 10 arcsec at 00 F.

4. To ensure that the system temperature had stabilized at various
operating temperatures, the cooling system was operated continuously
and thermocouples monitored component, coolant, and oven temperatures
continuously and plotted these temperatures on a thermocouple recorder
printout.
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Appendix E-3

RAW-BEAM DIVERGENCE MEASUREMENTS

1. Figures E.3-1 through E.3-4 show the raw-beam divergence data for
both a 10-meter (radius of curvature) end mirror and a flat end mirror
used in conjunction with a 70% reflecting, flat end (dump) mirror at
both 10 pps and 1 pps with an 8.5-J input energy. In all, 16 component
combinations were tested and are plotted in groups according to their
similarity in raw-beam divergence. Table E.3-1 shows the difference in
energy output (in relative units) at 10 pps for the various resonator
component combinations at an input energy of 8.5 J. (One unit corres-
ponds to an energy output of approximately 125 mJ.) The raw-beam diver-
gence data taken at 1 pps were derived from oscilloscope voltage readings
with the resonator tuned for 1 pps operation, so that its output en rgy
per pulse was equal to that which was present at the 10-pps rate. Fig-
ure E.3-5 shows the raw-beam divergence dependence on input energy for
the two combinations of resonator components given. This figure indicates
that the raw-beam divergence generally increases with input energy at a
rate of approximately 0.2 mrad/J independent of the flashlamp type used
since the curve slopes are parallel and therefore equal. These data
also allow a means of normalizing the raw-beam divergence data of Fig. E.3-1
through E.3-4 due to the differences in energy output (shown in Table E.3-1)
by using the radiometer current readings shown plotted in Fig. E.3-5.
For an equal energy output level then, Table E.3-1 shows also the antici-
pated raw-beam divergence at 10 pps for various resonator component
combinations.

TABLE E.3-1. Relative Energy Output and Raw-Beam
Divergence at a Fixed Output for Various

Component Combinations

Flashlamp Resonator components

type lO-m/Cyla 1O-m/EwIb Flat/Cyl Flat/EwId

Relative data:
Xenon 1.27 1.06 1.10 1.00
Krypton 1.55 1.29 1.44 1.25

Raw-beam diver-
gence, mrad:

Xenon 3.43 3.65 2.52 2.67
Krypton 3.35 3.60 2.30 2.60
a 10-i end mirror and cylindrical pump cavity shape.
b 10-m end mirror and elliptical pump cavity shape.
C Flat mirror and cylindrical pump cavity shape.
d Flat mirror and elliptical pump cavity shape.
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2. From the data of Table E.3-1 it can be concluded that

a. For a fixed end-mirror curvature and pump cavity shape, krypton-
filled flashamps provide approximately 25% more output energy than do
xenon-f illed flashlamps.

b. For a fixed end-mirror curvature and flashlamp type, a cylndri-[:cavitycal pump cavity shape is 10-20% more efficient than is an elliptical pumpwlhisrs

c. For a fixed flashlamp type and pump cavity shape, a 10-meter
end mirror provides about 5-15% more output energy than does the use
of a second flat end mirror.

d. A xenon flashlamp used in conjunction with flat end mirrors and

an elliptical pump cavity with inserts is expected to have about 50%
less output energy than would a krypton-filled flashlamp used in con-
junction with a 10-meter end mirror in a cylindrical pump cavity at an8.5-J input energy level.
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The krypton-filled flashlamp (KG4) had a fill pressure of 1,500 torr.
Due to the difficulty in triggering flashlamps at this fill pressure,
krypton flashlamps at a fill pressure of 1,000 torr have been procured
and are anticipated to be slightly less efficient but more usable.

3. From the data of Fig. E.3-1 thiough E.3-4 and Table E.3-1 it can be
concluded that

a. Regardless of end-mirror curvature selection or pump cavity
shape used, krypton-filled flashlamps provide only a slightly better

raw-beam divergence tha> xenon-filled flashlamps.

b. For a fixed end-mirror curvature and flashlamp type, the cylin-

drical pump cavity provides a slightly better raw-beam divergence than
the elliptical pump cavity with inserts.

c. The raw-beam divergence is relatively independent upon both the
pump cavity shape and the flashlamp type used.

d. For a given end-mirror curvature, the raw-beam divergence at
10 pps is approximately 30% higher than it is at 1 pps for an 8.5-J
input energy level.

e. At a fixed repetition rate, changing from a 10-meter (radius of
curvature) end mirror to flat end mirrors decreases the raw-beam diver-
gence by about 30%.

f. The flat end mirror/raw-beam divergence figure at 10 pps is
nearly the same as the 10-meter end-mirror/raw-beam divergence figure

at 1 pps.

g. Similarity in the uniform lasing and scan diameter for both
cylindrical and elliptical pump cavities with inserts showed no repeat-
able difference in the output beam character, and hence no difference
in output raw-beam divergence was expected. (See Appendix F-1.)

NOTES:

1. The raw-beam divergence data are for 85% energy content. Fixed
apertures of varying sizes were used in the focal plane of a 48.5-
inch focal length lens.

2. Scale-model diagrams of the cylindrical and the elliptical pump
cavities with inserts are shown in the publication identified in
Appendix F-2.

3. The same Nd:YAG laser rod was used for all these tests on raw-beam
divergence. The laser was operated non-Q-switched for these tests.
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Appendix E-4

SEMIEMPIRICAL EQUATION DESCRIBING THIE RESONATOR

RAW-BEAM DIVERGENCE

1. Beam divergence and output energy are the two most important output
properties of a laser resonator. lence the major emphasis in the laser
lab effort has been toward optimizing lasing efficiency and increasing
our understanding of resonator properties as they pertain to raw-beam
divergence. Table E.4-1 very briefly summarizes the experimental results
as they apply to resonator thermal effects and raw-beam divergence. The
purpose of this portion of Appendix E is to show the derivation of a
semiempirical equation consistent with these past experimental results
and which correctly 1 edicts the raw-beam divergence from a laser resona-
tor due to changes in the resonator input properties including pump energy
and pulse repetition rate. It also predicts the dependence of end reflec-
tor curvature, laser rod quality, and resonator length and diameter.

2. The optical path length P in any medium is given by the product of
the index of refraction and the physical path length, namely,

P = nZ '_ - _ _l , ti ad L 4i

CA -, T & dT
and directly, a difference in optical path length due to a difference in
temperature along two paths is given by the equation

AP = [na + (An/AT)]ZAT (2)

where

n = 1.82 (index of refraction of the laser rod)

ci = t-'dy/dT = 6.9 (10) - 6 
*C-1 (linear expansion coefficient

of YAG)

An/AT = 7.3 (10) - 6 
oC-1 (index of refraction change with temp,.rature)

= 7.62 cm (length of the laser rod)

AT in *C (temperature difference between paths being compared)

Note that not is about twice as large as An/AT so, under conditions
where the laser rod length is free to change, the optical path length
difference (say centered along the laser rod axis as compared to a
parallel path near the laser rod edge) is about 60% due to a physical
path-length difference and 40% due to an index of refraction difference.
As a result, it is expected that if an optical path-length variation
occurs due to flashlamp pumping, a thermal lensing effect on the laser
rod end faces should be perceptible. Yet tests conducted earlier
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showed that no noticeable laser rod end-face lensing occurred. Open
literature (APPLIED OPTICS, Vol. 9 (1970), p. 2548) shows that the
thermal gradients in the laser rod further than about the rod radius from
its ends do not contribute to the elongation of the laser rod. This in
effect means that the n(AT in Eq. 2 should be replaced approximately by
naroAT, where r o is the rod radius. Measurements of rod end-face curva-
ture showed this to be true for a high input power cw Nd:YAG laser. This
behavior was attributed to the fact that the laser rod is under compres-
sion due to a radial thermal gradient. Figure 5 in APPLIED OPTICS,
Vol. 9 (1970), p. 1429, shows that the rod center is indeed under com-
pression (due to the negative sign of the stress coefficient).

3. As a result then, it should be written that the optical path length

difference along two separate paths in a laser rod is given approximately
by

AP = t(An/AT)AT (3)

Appendix C-5 shows calculations of an optical path length difference

(measured axially along the rod axis center as compared to along its
edge due to a predicted radial thermal gradient) of 0.65A at 1.06p using
Eq. 2 in this portion of Appendix E and shown here to be in error.
Eq. 3 yields

AP = 0.235X at 1.06,p

i.e., about one-quarter of a wavelength. Appendix C-2 shows that there
exists a transverse thermal gradient in the laser rod due to nonuniform
cooling of the laser rod by the FC-104 coolant. Appendix C-2 shows that
the thermal distortion fringe count with input energy has each fringe
having a slight curvature. Suppose now that a radial thermal gradient
corresponding to an optical pathlength difference of 0.25X is superimposed
on a transverse thermal gradient corresponding to an optical pathlength
difference of 1.5X. The effect (grossly exaggerated) is shown in
Fig. E.4-1. The fringe diagram at the left is that which would appear
if only a transverse thermal gradient were present in the laser rod.

The fringe diagram at the right in Fig. E.4-1 is that ex, ected due to a
superposition of a small thermal gradient which is radial to a larger
transverse thermal gradient. The net result of this superposition on
the observed interference fringes is precisely that which is observed
experimentally; namely, interference fringes with slight curvature to
them. Hence, Eq. 3 is in agreement with the experimental results. The
transverse thermal gradient, whether due to an index of refraction dif-
ference, or a length difference, or a combination of the two, produces
only an effective misalignment of the resonator and has no focusing prop-
erties. It is necessary now to calculate the thermal focusing effect
produced by this radial index of refraction variation.
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4. Extremely high pump powers were used in early ruby and Nd:glass laser

systems. These lasers were necessarily operated at low repetition rates.
In such cases, the thermal gradient in the laser rod is purely radial
or very nearly so. The relatively poor thermal conductivity of these
host materials also cor'tributed greatly to this radial thermal gradient.
As a result an optical theory was developed describing the focusing prop-
erties of a lenslike i.-dium having a refractive index gradient which is
parabolic (or as the radial thermal gradient would be). It was shown
that, with some approximations, the focal length of such a lenslike medium
can be written as

f = 2K/Zh(An/AT) (4)

where

K = 26.5 (10) - 3 cal/cm-sec-0 C (thermal conductivity of YAG)

1 = 7.62 cm (length of the laser rod)

h in cal/sec-cm 3 (power absorbed by the laser rod per unit volume)

f in centimeters (focal length of the lenslike medium (here), the rod)

The author showed in Appendix C-2 by applying Huygen's principle that
if there is an optical path length difference of one wavelength (i.e.,
AP = X) for two paths separated by a distance a, the focusing effect
produced by this path-length difference is equivalent to a lens of
focal length

F = a2 /2X (5)

If Eq. 4 and 5 are both correct, then f = F must be true, which is
shown below. Recall from the earlier discussion that

AP = t(An/AT)AT (6)

and in Appendix C-5 the author showed that the laser rod radial thermal
gradient is given by

AT = rPin/47KC (7)

By direct substitution into Eq. 5, where a is now the rod radius ro,
it follows that

F = r 2 /2AP =  ro2 2Z(An/AT) X 4KZ nPin

2K/t(An/AT) (ilP in/r 2
t) (8)
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But riPin is the power absorbed by the laset rod and Iiro is its volume,
so then

h = fPin/ r0, - (9)

and f = F exactly. Upon substitution of the variables, it follows
dirctly that

F = 1785/Pin = 178 5/EinT (10)

where

Pin input pump power, W

Ein = input energy/pulse, J

T = pulse repetition rate, Hz

T = 5%, and F is in m' Lers

An effective focal length of the laser rod is now available as a function
of the input pump power or as the product of input energy per pulse and
the pulse repetition rate in Hz.

5. It is published in the open literature that a resonator containing
lenses with an equivalent focal length, Feq has an output raw-beam
divergence, 4, no larger than

= D/(LFeq) 4  (11)

where

D = lasing diameter, and

L = resonator length

this equation applies when Feq >> L holds true. Unfortunately this
equation (which puts only an upper bound on the raw-beam divergence
figure) does not describe the resonator beam divergence using flat-end
reflectors (F = -), the dependence of the input power level, the pulse
repetition rate, or the dependence of laser rod quality. It also assumes
a homogenous and isotropic lasing medium which is not true due to the
thermal effects produced by flashlamp pumping of the laser rod. It
becomes obvious then that a new equation is needed incorporating all
these raw-beam divergence dependent parameters. The major factors
leading the author to the final form of such an equation were as
summarized:
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a. A raw-beam divergence term is needed to describe the inherent
resonator properties when F- 1 is essentially zero. It should be roughly
proportional to the number of modes which can oscillate or the resonator
Fresnel number. With a resonator having a curved or two curved end
reflectors, this term is proportional to the raw-beam divergence value
given by Eq. 11 and has a similar dependence on the resonator length
and diameter.

b. A second raw-beam divergence term is needed describing the ther-
mal focusing properties of the resonator which essentially deforms some
of the resonator modes capable of oscillation.

c. A weighting factor is needed on this thermal focusing term due
to nonuniform pumping, thermal distortion, and the possible mode struc-
ture due to the resonator geometry.

d. The equivalent focal length resulting from a combination of
thermal focusing and optical focusing (due to end mirrors) is not validly
summed as

eq - 2Fm l)' + (2Fm2)-' + (12)e~q

- because Fi--the intraresonator thermal focusing term--is a volume effect

and not a surface effect, and being complex in nature is not summable
as a simple lens effect. Also, since thermal stress and end-face curva-
ture effects contribute to the thermal focusing effect, Eq. 10 for Fi is
already an oversimplification. The first two terms at the right in
Eq. 12, where 2F is the radius of curvature of an end reflector, should
be incorporated in the term described in paragraph 5.a.

e. The raw-beam divergence figure should be a root-mean-square value
rather than a sum.

The net result of these implications (and several others less evident)
can be summarized in Eq. 13.

6R -(r)2 + a(D/V P)2j (13)

0 0R 0 0 1 + C£[l +(AEn/Ei)] F-1 (14)

and for a resonator with L = 30 cm, D = 0.6 cm, the equation simplifies
to what the author calli the Theta equation:

4 OR = 0o + 11.5 +( AEin/Ein)] F- (15)
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where

F = P in/1785 = E inT/1785

The factor 00 is the experimental raw-beam divergence figure at the 1-11z
repetition rate (when F is very large_ and F-1 is essentially zero). For
a resonator with a curved end mirror, 0o varies directly as D/AFeq as
described earlier; whereas, for a resonator with flat end reflectors,
0 is more dependent upon laser rod quality and the resonator Fresnel
number. If OR is to be calculated as a function of pulse repetition
rate (where the input energy per pulse does not change), then AEin = 0.
If the resonator is operating at a fixed pulse repetition rate and the
input energy per pulse increases from Ein to (Ein + AEin), then the term
(I + (AEin/Ein)] is no longer equal to unity. The value of F is then
determined using the energy input level (Ein + AEin).

6. Table E.4-2 compares the Theta Equation results with the experimental
results. The expcrimental data were taken mainly with laser rod #2;
the Theta Equation shows the raw-b am divergence data for all three
laser rods identified in Appendix -7. Since the Theta Equation includes
the dependence of resonator length and diameter on the raw-beam diver-
gence value, such data could also be readily generated. The raw-beam
divergence increase (relative to 00) due to increasing input energy as
well as pulse repetition rate can also be calculated in unison. If two
curved end reflectors are used (rather than just one), the equivalent
focal length Feq is given by Eq. 12 with Fi = -. The raw-beam divergence
figure for a more complex combination of input energy (or power) and
resonator physical properties change are all calculable using the Theta
Equation. As stated earlier the parameter 60 will vary directly as the
lasing diameter and inversely as the square root of the product of the
resonator length and end mirror radius of curvature. Since the Theta
Equation is semiempirical and depends in part upon experimental data
for its derivation, its validity over a more extended range of input
and resonator variables will be tested whenever experimental data for
such cases become available.

7. The most evident methods for improving the resonator raw-beam diver-
gence are improving resonator efficiency (to increase F for a given output
level) and, even more important, procuring laser rods with minimum 00.
Since the efficiency improvement has a relatively low impact on the raw-
beam divergence figure, emphasis should be placed on obtaining the best
optical quality laser rods available.
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TA3LE E.4-2. Theta Equation Results Vs. Fxperimental Results.

Variables Experimental* Theta equation

Beam divergence Laser rod

increase, mrad/lz 0.089 (FC-104) 0.089 No. 1

(with repetition 0.075 (FC-104) 0.067 No. 2

rate at 8-J-input 0.066 (EGw) 0.078 No. 3

per pulse)
0.0715 Av. value 0.067 No. 2

Beam divergence
increase, mrad/J 0.2 0.25 No. 1

(with input energy 0.16 0.175 No. 2

at a 10-Hz repeti- 0.20 No. 3

tion rate (fixed))
0.18 Av. value 0.175 No. 2

* Most oi the experi,,;ntal results were obtained by using

laser rod No. 2.

NOTES:

I. The semiempirical equation was written to be consistent with the

Vexperimental results given in Appendixes A-7, C-1, C-2, C-4, C-5,
C-6, and E-3.

2. The variation in eo is apparent from the laser rod comparison of

Appendix A-7.

153



TN 4051-2

Appendix F

BEAM UNIFORMITY TESTS
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Appendix F-i

NON-Q-SWITCHiED BEAM UNIFORMITY TESTS

1. Tests were conducted to examine the resonator output beam uniformity
for various resonator component changes including end mirror radius of
curvature and the pump cavity shape. Tests were also made with the
resonator detuned in both axes independently.

2. Figure F.l-1 shows the beam scan test apparatus. All data taken
used an input energy of near 8.5 J, a xenon flashlamp (XG7), a common
Nd:YAG laser rod, FC-104 coolant, a 70% flat-end mirror, and non-Q-
switched operation at 10 pps. Only the pump cavity shape and the 100%
end mirror were changed. The energy output from the resonator was
typically 150 mJ. The scan aperture was 0.030 inch over an SGD-100
photodiode which was in a TO-5 can. The resonator output was centered
in elevation on the TO-5 can using a varoscope for viewing. The scan
rate was 0.78 inch per minute and was equivalent to 0.065 inch per divi-
sion on the oscilloscope photographs (whose baseline rate was 5 sec/div).
The scan photographs then provided a time-averaged beam uniformity pro-
file. Sufficient time was allowed for the energy output to stabilize
before the detector scan was initiated. Scanning was done toward the
flashlamp side of the laser rod as shown, which was in the scan plane
for all tests. Burn patterns were taken at the same time. The EG&G
radiometer provided the means of monitoring the resonator relative out-
put for tuning purposes.

3. "HORIZ" (Fig. F.1-1) shows the direction in which the resonator was
misaligned for particular tests; the vertical misalignment was also
made on this end reflector. A misalignment in the horizontal plane as
shown should not cause significant lasing diameter reduction in the
vertical plane. The energy in the horizontal plane should, however, be
redistributed in the laser rod in the direction away from the flashlamp,
since the mirror generally is redirecting energy (very slightly but very
preferably) in that direction. In a similar fashion, a clockwise mis-
alignment in the vertical plane (at the top of the end reflector) should
redistribute the energy toward the bottom on the lasing diameter in the
vertical plane but not cause significant lasing diameter change in the
horizontal or scan plane. The burn patterns and scan photographs show
support of this hypothesis. The burn patterns to be shown are inverted
top-to-bottom so that the burn pattern and the scan photograph are both,
from left to right, the result of what the photodiode encounters while
being scanned toward the fla~'lamp side of the laser rod; i.e., the flash-
lamp lies at the right in bot. the burn patterns and the scan photographs.
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4. Table F.1-1 is a summary of the experimental beam scan test results.
The numbers at the left in the table correspond to a numbered scan photo-
graph and its corresponding burn pattern and is used for cataloging
purposes. All diameter measurements were made directly from the exposed
Polaroid film using a scaled viewing magnifier.. Eo corresponds to the
achievable resonator output when aligned. The aperture diarmcLer of
0.030 inch was subtracted from the scan diameter and uniform lasing diam-
eter, the latter of which was largely a fairly crude measurement neces-
sarily. Representative beam scan photographs and burn patterns are given
in Fig. F.1-2(a-e). From an examination of these figures, the follow-
ing results can be seen:

a. The beam pattern gets narrower in the direction in which the
resonator is misaligned, and the energy is redistributed in a direction
away from the flashlamp as predicted earlier. (See Fig. F.l-2(a-c)
Cases 12, 13, 20, 21, 26, and 27.)

b. A misalignment in a horizontal plane does not appreciably reduce
the signal amplitude in that plane but does reduce the lasing diameter.
(See Fig. F.l-2(a and b); Cases 20 and 21.) It does reduce the signal
amplitude appreciably in the normal plane. (See Fig. F.l-2(b) Case 22.)

c. The curved mirror tendency to fold radiation back toward the
lasing center is well known. The scan photograph of Fig. F.l-2(c),
Case 26 shows this effect experimentally.

d. The burn pattern and the scan photograph show excellent correla-
tion in detail. (See Fig. Fl-2(a-c); Cases 12, 21, 26, and 27.)

e. The fine structure in the scan photographs is largely due to
the laser pulse-to-pulse stability. (See Fig. Fl-2(d); Case 9.) The
photograph at the right is the energy output stability for a fixed
aperture position; the camera was started at the time the laser was
turned on for this particular test.

f. The roof prism tested did not lase particularly well near the
roof edge, and the bimodal lasing structure normal to the roof edge is
evident. (See Fig. F.l-2(d); Cases 7 and 8.)

g. A surprisingly small percentage of the rod is lasing uniformly.
(See Table F.1-1 and all photographs, Fig. F.l-2(a-e).)

h. The flashlamp side of the scan pattern shows the nonuniform pump-
ing effect due to the close proximity of the flashlamp. (See Fig. F.1-2
(a, c, and d); Cases 13, 20, 26, and 9.)

i. No correlation is possible in signal amplitude (at the photo-
diode) required for damage threshold on the film burn pattern.

J. For the aligned resonator cases, the pump uniformity for ellipti-
cal with inserts as compared to cylindrical shape is not significantly
different for either curved or flat mirrors. (See Fig. F.l-2(a, c, d,
and e); Cases 13, 20, 26, 9, 1, and 2.)

157



____ ___ ___ ___ ___ __ ____ ___ ___ ___ ___ ___TN 4051-2

0

0. .-- 4 0 -4 0 C -40CD-A 0 -4 r44 - 4 4- )-

0 C; C; ; C C; ; C C;C; C C;C; ; C

V.4J

43 c 0.. C-c 4 0oir) C1 oI 0(%r )r- C1 C0 r r -. f Cc'J0 M r- C4
j rq V) - r- a,% r ~ 'T -4 - 4 v r

0000 0000 0 00 000 0 c0000 ;C C ; ; C

V4

*% U
0)

Cu-00_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

to

4.5 0 00 0 0 0000 0 0 00

IA4 V)M 0 $

a co. 0 0 -I- 4f w r. 041 * N
4. 4.) 41 r., C) (U U) *

W *4410 4 r 434. r. 00.* . wC 00
4 0 W 00 P o 4 0.0~ 0031N coJ1*.

)0) *0 00 410 Aiwo 4343 3 0: 50.m bo C .4 m '0-4 * 0 M
to 0 u 4 - 6 0 U .@* PQ U) 00 V- rC .ri I J0 4 W O 44

-H 0 U) 0 ''4 -i f CuH4I- g -4 - 4 0 Cu 43 -A Cu * *'4 Cu
P-0 -4C U 0C4 13 *0.H*-4 0. (0 -44 '0 -HIM x4(v

4 45 - AJ r-03 (d .*) 0).4C 0) d)

-H 4 ) t C - (a (a~ a 1-3~~40.ca 0.. 0~2 * 34
P-*b 4 0 ) 4 -44 . 04 M d)b.f- 4- 0c ) )- ) 0 o0 b o0

43 <0 U,- C UO 4.1 C4C4 4u

-r4 C . . .0 . . . . -lr4 .C . .A.O .. .0 0. .. . 4 . .0 .

-4~Co -44Q 4C -4 COC- 4iC 01 C14 o0 r-4

~ 0 Ur('-C'~t 0I~d'- 34.4.1 4.4.1 03...4 4.1 C'4 C~J 43.4 4 153'



_______________________________________________ TN 4051-2

Case 12 Case 13

Case 20

FIG. F.1-2(a). Burn Patterns and Scan Photographs.
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Case 22

FIG. P.1-2(b). Burn Patterns and Scan Photographs.
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Case I Cese 2

cane 19

FIG. F.1-2(e). Burn Patterns and Scan Photographs.
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k. The scan photographs are generally reproducible. (See Fig. F.I-2

(a and e); Cases 20, 1, and 2.)

1. The elliptical pump cavity with inserts has significantly better

output stability than h~ls the cylindrical pump cavity shape. The output
stability is also better using curved mirrors rather than flat mirrors.
This is attributed to the larger cross-sectional area for the cylindrical
pump cavity shape where the coolant is exchanged less often; i.e., the
coolant is exchanged about once every 4 and 10 pulses for the elliptical
with inserts and the cylindrical pump cavity, respectively. The coolant
flow pattern in the cylindrical pump cavity shape is less uniform than
in the elliptical pump cavity.

m. From the discussion of paragraph 3, the data in Table F.1-1, and
the photographs of Fig. F.l-2(a-e), the misalignment axis of a resonator
is relatively predictable and allows at least a cursory evaluation of
energy output reduction$ for example, during the temperature tests of
a resonator.

NOTES:

1. The non-Q-switched beam uniformity has very little similarity to the
Q-switched beam uniformity.

2. Lasing diameter tests were made for a non-Q-switched resonator.
These tests involved placing apertures of varying sizes in the resona-
tor and measuring energy output versus aperture diameter. The tests
showed that a 0.250-inch-diameter laser rod was lasing over a 0.233-
inch diameter.

3. The small secondary "hump" shown by the arrow in Case 21 of
Fig. F.l-l(b) was due to secondary reflection effects from the
beamsplitter.

4. The roof prism used for these tests was also used in the reflector
misalignment sensitivity tests of Appendix A-5. Undoubtedly the
burn spots near the prism knife edge altered the lasing pattern
significantly.
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Appeidix F-2

Q-SWITCIIED BEAM UNIFORMITY TESTS

1. The output beam uniformity of a Q-switched Nd:YAG laser using four
different flashlamp-laser rod pump-cavity coupling configurations is
described in N1XC TP 53151. The tk t apparatus and the test procedure
used to establish the beam unifor. ty parameter quantitatively are
discussed in the report also.

2. A newly defined beam uniformity parameter M*--the ratio of maximum-
to-average peak power density--has been shown to vary significantly for
the pump cavities tested. The data obtained on beam uniformity are
applicable toward (1) improving laser pump cavity design, (2) interpret-
ing particular missile and seeker tracking behavior, and (3) comparing
techniques for measuring laser-beam divergence. These data are also
an aid to establishing the damage threshold level for retinal tissues
and laser resonator components at 1.06 microns.

3. For complete details on this subject, see NWC TP 5315.

Naval Weapons Center. Beam Uniformity Measurements on Q-Switched

Nd:YA7 Lasers, by Edward A. Teppo. China Lake, Calif., NWC, February
1972. (NWC TP 5315, publication UNCLASSIFIED.)
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Appendix G

LASER COOLANT STUDIES
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Appendix G-I

COOLANTS AND THEIR ULTRAVIOLET ABSORPTION

1. Tests were initiated on the new laser coolant, 2-methoxyethanol

(2-1OE). Since this coolant has a bond energy dictated by a C-H bond
(like ethylene glycol), a new xenon heliosil flashlamp is being used
with it. Preliminary tests indicate that its straight lasing efficiency
is nearly equivalent to that of FC-104 (with the well-used flashlamp)
as the coolant. So, it is anticipated that its Q-switched output will
be larger than that available from FC-104 due to its superradiating
character at an 8-J input level. The high viscosity of 2-MOE makes the
cooling system quite difficult to fill. No filter is used in the present
breadboard cooling system, inasmuch as this coolant reacts mildly with a
molecular sieve filter. However, it reacts violently with MgLi alloy.

2. From 29 December 1970 to 19 January 1971, some 50,000 shots were
put on a xenon heliosil flashlamp used with 2-1OE coolant and a typical
energy input of 8 J/pulse. Figure G.1-1 shows the transmission of this
coolant after use and the transmission as a function of incident wavelength
of a pure unused sample. In essence, the coolant absorbs the flashlamp
radiation above the flashlamp cutoff wavelength, which is also indicated
on the transmission curve. Figure G.l-2(a and b) shows, for comparative
purposes, the transmission of the 2-MOE coolant after 200,000 shots at a
nominal 10-J input level to the flashlamp. In terms of cooling system

performance, the absorption of this high-energy radiation (low wavelength)
by the coolant is desirable. Unfortunately, the increased UV absorption
is indicative of increased coolant degradation as well. As the coolant
begins to absorb strongly in the UV (at wavelengths higher than the flash-
lamp envelope cutoff) it degrades very rapidly. This degradation in turn
causes a reduction in lasing efficiency, mainly due to coolant reaction
with cooling system materials.

3. The performance of EGw as compared to FC-104 is described in part

in Appendixes C-2 and C-4. A 50-50 mixture of ethylene glycol/water

(EGw) has been used in the T-beam resonator performance tests. Although
EGw has not been used previously by our laser group, its thermal conducti-
vity, its specific heat, its superradiance limit, its compatability with
a silvered surface, and its extensive use in other designators warrants
its use in the PADS unit. The quality of FC-104 coolant after use was
related to its spectral absorbence cutoff wavelength (which increased as
the coolant degraded). This cutoff wavelength increased rapidly when it
exceeded the cutoff wavelength of the flashlamp (which is determined by
the envelope material used). Figure G.1-3 shows the spectral absorbence
of EGw for both pure and irradiated samples. Sample #i was taken from
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the pump cavity after approximately one month of regular use and indicates
that the EGw is absorbing little flashlamp radiation after this period of

use. (Although more shots were used on samples #2 and #3, their reduced
absorption is due to the fact that some irradiated EGw was replaced with
pure EGw when the pump cavity was removed. The spectral absorbence of

the irradiated EGw of sample #1 is similar to that of pure FC-104. The
wavelength cutoff of the flashlamp envelope is near 2600A.

NOTES:

1. The coolant, 2-11E, was tested extensively in nonlasing tests at the

Naval Missile Center, (NMC) Point Mugu, California. It was shown to
be thermally stable at operating temperatures of 200*F for 2 hours.
Coolant performance was judged qualitatively by examining cooling

system components and the pump cavity walls. UV absorption tests
were not made at NMC.

2. The term superradiance is used to describe the effect of amplified

off-axis spontaneous emission that changes the slope of the lasing
efficiency curve, i.e., input versus output energy dependence.
Lateral depumping is a more descriptive term for this lasing effi-
ciency reduction.
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Appendix G-2

TIERMAL EFFECTS ON 'THe RESONATOR PERFORMANCE

1. The thermal misalignment of the resonator using FC-104 coolant was
described in Appendixes C-2, C-3, and C-4. The pump cavity shape can
affect the thermal misalignment magnitude from simple thermal considera-

tions. Two pump cavity shapes were tested and compared as to thermal
misalignment magnitude. The improvement in an elliptical pump cavity

is that the coolant is exchanged more often (about every 4 output pulses
at 10 pps repetition rate compared to about once every 10 pulses in a
cylindrical configuration) because of its reduced cross-sectional area.
This should reduce the thermal heating and lensing effect in the laser
rod. The output stability plots of Fig. G.2-1 show this dramatically.
(Most of the detailed oscillations in the output stability can be attrib-
uted to the measuring equipment itself and are not relevant here.) In
both cases the resonator was aligned for maximum output after thermal
equilibrium was established. The pump cavity environs were cooled to
the ambient temperature and the plot of energy output versus time was
started. Note that the elliptical pump cavity output immediately starts
at about 90% of the achievable output number; whereas the cylindrical
pump cavity configuration starts at about 50% of maximum output energy,
and in about 10 seconds reaches its achievable output level. The energy

4 output levels for the cylindrical and elliptical pump cavity configura-
tions were 120 and 76 mJ, respectively.

2. An estimate of the magnitude of the thermal misalignment at the 10 pps
repetition frequency is important to an understanding of the thermal dis-
tortion in the laser rod. Also of importance and related to this subject

are the findings regarding the direction of the misalignment and the
resultant redistribution of energy in the resonator as a result of this
thermal misalingment. The raw-beam divergence measurements at I pps
required that the resonator be tuned (realigned) from the 10 pps end-
mirror setting. When the resonator was tuned for optimum 10 pps opera-
tion, then operated at 1 pps, the output energy was reduced about 50%,
and the burn pattern showed a redistribution of resonator energy toward
the top, flashlamp side of the laser rod. The end-mirror alignment cor-
rection needed to compensate for this thermal misalignment of the resona-
tor at 10 pps was estimated for both the cylindrical pump cavity and the
elliptical pump cavity shape with inserts. The former required an adjust-
ment of about 30 arcsec in elevation and less than 10 arcsec in azimuth;
the latter about 15 arcsec in elevation and less than 10 arcsec in azimuth.
This optical wedge effect then essentially misaligns the resonator by
some 20 or 30 arcsec and the energy output achievable is not reached
until this thermal misalignment process is completed. The axes of this
misalignment orientation is neither parallel nor perpendicular to the

laser rod-flashlamp plane.

1
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NOTES:

1. The thermal effects described here are characteristic of the
fluorocarbon (I'C-104) and not of the ethylene glycol/water (ECw)
coolant.

2. Coolant baffles in the pump cavity have been shown to reduce the
thermal misalignment problem encountered with the use of the FC-104
coolant.
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Appendix H

RELATED SUBJECTS
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Appendix 11-1

LOW-REPETITION-RATE TEST FACILITY

1. The purpose of the low-repetition rate test facility is threefold:
(1) to allow the evaluation of pumping enclosure performance including
comparison of laser rods, flashlamps, coupling geometries, and coolants
independently; (2) to allow tests on delayed triggering of flashlamps;
and (3) to provide a means of performing active tests on laser rods and
flashlamps as a part of the incoming inspection procedure. No lasing
in these tests is required, and it is intended that the integrated
(laser rod) 1.06-0 fluorescence will be usable as a measure of achievable
laser resonator output.

2. The power converter schematic developed for use in this test facility
is shown in Fig. 11.1-1. The power converter was derived from modifica-
tions to a laser rangefinder unit. The main energy storage capacitor
is charged to a selectable voltage by the Ne68A which controls relay

operation in the primary drive circuit. The variable voltage-divider
network in the flashlamp trigger circuit ensures flashlamp-triggering
for energy inputs as low as a few joules for both krypton and xenon
flashlamps. The capacitor voltage is measured with a digital voltmeter.

3. The total integrated 1.06-1 fluorescence is a measure of the achiev-

able laser output per pulse from the pumping cavity. Therefore, by plac-
ing the pumping enclosure and a narrow bandwidth 1.06-o filter at the
front of an integrating detector circuit (in a fixed geometry), a com-
parison of pumping enclosure geometries and components in terms of
relative achievable output energy seems feasible. Since a plot for
energy input to the main storage capacitor to energy output from the
laser resonator is linear (assuming that superradiance is not a limiting
factor) the integrated fluorescence voltage should be linear with input
energy as well. Also, the fluorescence voltage at threshold for krypton
versus xenon flashlamps should be proportional to the lasing threshold.
The tests have been plagued with difficulties thus far including flash-
lamp radiation at 1.06p, noise integration, and nonreproducibility of
data from day to day. However, since the data taken during a single day
seem reproducible, this integrated fluorescence technique is still being
pursued. The flashlamp light output signal, weighted with the detector's
spectral response, was attenuated by a factor of fifty relative to the
1.06-p fluorescence waveform.

4. Further testing is planned to establish a reliable method of using

the integrated fluorescence as a measure of pumping cavity performance.
If successful, this technique would provide a means of comparing some
resonator components directly. Planometric tests are being conducted
as an alternate attempt of integrating the fluorescence voltage waveform.
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5. (Note: Intcrnational Lamp Corporation, Inc. has developed a test
station which provides comparative information on flashlamp performance
by measuring peak fluorescence output voltage.)
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Appendix 11-2

WOUND INDUCTOR PEIR ARNIANCE

1. Some inductors we, tested for use in the L'!L unit. Since space is
already at a premium, an air core inductor is prohibitive in size. All
tests with powdered iron cores were found to reduce the energy output
relative to an air core by some 40% or so. It was decided to test an
inductor wrapped on the Sprague capacitor itself. The Sprague capacitor
has an inductance of 22.9 pF; the wrapped inductance was measured as
28 pH. The measured output energy was 156 mJ for an 8.9-J input energy.
This point lies on the same efficiency curve as does C = 18.8 IiF,
L = 33.7 JiH. Hence, no degradation in output energy occurs using the
wrapped capacitor approach.
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Appendix 11-3

RESONATOR EFFECTIVE REFLECTIVITY

1. In an end-dump laser resonator, the effective reflectivity of the

resonator is that of the partially transmitting end reflector. In a

two-element TVR resonator, the effective reflectivity is determined
by the orientation of the quarte, °-ave plate. For the T-beam resonator

length, the energy output as a function of the effective reflectivity
is shown in Fig. H.3-1.

2. The data apply to an energy input of 8 J per pulse. An increased

input energy tends to decrease the optimum reflectivity value.
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FIG. H.3-1. Relative Output Energy
as a Function of Effective Reflectiv-
ity of the Resonator.
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Appendix 11-4

REPORTS IN PROGRESS

Tasks in the Nd:YAG laser lab presently in progress are listed with
the objective of the individual task. This work will be documented and
published at a later date.

Inproved Extinction Ratio Tests: To reduce the likelihood of
damage to modulator and to simplify modulator drive circuit.

Reduced Beam Divergence Resonator Tests: To improve resonator
raw-beam divergence by thermal lens optical compensation.

"Keep Alive" Flashlamp Drive Circuitry: To improve laser effi-
ciency and reliability.

Improved Pump Cavity Design: To improve laser efficiency; to
reduce cost of pump cavity; to improve maintainability.

Dye-Enhanced Organic Coolants: To improve laser efficiency and
pump cavity thermal properties and to compare with FC-104 coolant.

4

4
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